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Executive Summary

Over the last three decades, the microelectronics industry has undergone unprecedented
growth and has had an enormousimpact on the nation, in what isoften called the“ VLS rev-
olution”. Research activitiesin both industry and academia have led to the rapid introduction
of advanced semiconductor process technology, hierarchically structured design methodolo-
gies, automated design tools, simulation models and rapid prototyping techniques. One key
totherapid success of the VLS| development effort wasthe early definition (about 1970) of a
clean digital interface that separated design efforts at increasingly high levels of abstraction
from the growing complexities of the fabrication processes. This allowed the designer to
focus on process-independent design tools and methodol ogies that are available to research
and academic community for rapid prototyping of VLSI chips.

Though there have been many remarkable and revolutionary advances made in Micro--
Electro/Mechanical Systems (MEMS) design and fabrication during the past decade, the
need for structured design methods remains. At present each new MEMS development is
expensive ($1M or more), and time consuming. One contributing factor is that there is not
yet an equivaent to the Caltech Intermediate Form (CIF) or the other descriptive languages
which are commonly usedin VL S| design. MEM Sfabrication processes have matured rapidly
but they are still many and varied. Thetimeisnow ripeto define and develop structured de-
sign methods, and to take advantage of the still formative nature of much of the field. The
experience of the VL S| research community of 25 years ago in evolving design methodolo-
gies and fabrication processes should provide useful guidance.

Several elements appear to contribute to the successes in developing structured design
methods for VLSI:

e asmall (but growing) number of functional elements,

e alargely planar topology,

e alargdy rectangular (Manhattan) geometry,

e the independence of form and function,

e conservative design rules can eliminate complicating effects,
e adescription of function exists (Boolean logic),

e “Thereisaclean separation between the processing done during wafer fabrication and
the design effort that creates the pattern to beimplemented.” [C. Mead and L. Conway,
Introduction to VLS Systems Addison-Wesley Publishing Company, 1980, Page 47.]

Thedesign of mechanical systems, moregenerally, appearsto have none of these virtues,
which largely explains the lack of structured design methods for mechanical design. How-
ever, MEMSisahybrid of VLS| and mechanical systems, employing the materials and fab-
rication processes of the former, while utilizing many of the energy storage and transfer do-
mains of the latter. This report concludes that while significant differences between digital
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VLSI design and MEMS design clearly exist, sufficient parallels also exist to strongly en-
courage research on structured design methods for MEMS.

Three areas currently in use in VLSI design have aso been identified as common ele-
ments for structured MEM S design:

Languages for interchange of dataamong designers and between designers and fabricators,
Libraries for storing previousy successful MEMS device designs for reuse, and
Simulation of desired function and of the fabrication processes.

Each of these hasplayed acrucia rolein the devel opment of design methodologiesfor VLS,
and building on those prior VLS| developments will form the basis for a“ clean separation”
between design and fabrication of MEMS, and will provide the greatest leverage from an
investment in research resources. Advances in these three areas will provide the foundation
for (semi-)automatic synthesis of MEMS, perhaps by compiling a schematic or language
describing desired function into a set of masks and processing information to fabricate a
device or system that will robustly exhibit the desired function.

While the challenges in developing structured design methods for MEM S that preserve
the “clean separation” are significant, the benefits of such methods will greatly enhance ad-
vances in MEMS. Developing structured design methods for MEM S holds the promise to
significantly reduce the costs and time to create new devices and systems, and increase the
complexity and robustness of devices and systems that can be designed.
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Preface

Thisworkshop arose from discussions at the preceding two NSF sponsored workshops: New
Paradigmsfor Manufacturing held at the National Science Foundation on May 2-4, 1994 [1],
and Design Methodologies for Solid Freeform Fabrication held at the Engineering Design
Research Center at Carnegie Mellon University on June 5-6, 1995 [2]. These workshops
examined the idea of applying VLSI-like design methods to selected areas of mechanical
design. These discussions suggested that the two areas to explore first are SFF and MEMS.

The workshop that produced this report: Structured Design Methods for MEMS held
a the Cdlifornia Ingtitute of Technology on November 12-15, 1995, builds on the earlier:
Small Machines, Large Opportunities: A Report on the Emerging Field of Microdynamics,
Report of the NSF Workshop on Microelectromechanical Systems Research, 1988 [3], and
explored aresearch agenda for extending VL Sl-like design methods to MEMS.
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1 Background of the Workshop

1.1 Introduction

On November 12-15, 1995 aworkshop sponsored by the National Science Foundation was
held at the California Institute of Technology to discuss and explore the research issues in-
volved in developing structured design methodologies for Micro-Electro-Mechanical Sys-
tems (MEMYS). The Workshop gathered attendees from many of the major research univer-
sitiesinvolved in MEM Sfabrication and MEM S design research, aswell as several industry
representatives. The goal of the Workshop was to identify areas of profitable fundamental
research inthe area of structured design methods for MEMS. The primary question posed to
the Workshop wasthefollowing: Canthe successesin devel oping structured design methods
for digital VLSI be extended into the domain of MEM S? If so, what lessons can be learned
and transferred?

The workshop attendees were divided into four discussion groups, and a series of ques-
tions were suggested to each group:

e The Synthesis group’s discussion encompassed the development of methods for au-
tomatic or semi-automeatic generation of MEM S shapes and/or masks.

— What type of design rules can be defined that when applied to the representation
will guarantee successful fabrication in aseries of MEM Sfabrication processes?

— What shape synthesis tools are needed?

* Can methods be developed to automatically create masks (and other fabri-
cation information) to fabricate a desired shape?

— What function synthesis tools are needed?

* VLS| design has benefited by building complex functions from hierarchies
of smpler elements, including automatic mapping of logical constructsinto
physical devices and physical placement of devices and wire routing

* Can the same approach make progress towards automatic determination of
shape(s) that will exhibit a desired function?

— Canamethodol ogy be devel oped to compile aschematic representation into masks
and processing information to fabricate a device or system?

e The Function Simulation group considered approaches and requirements for simu-
lation of the mechanical and electrical function of the resulting devices and systems.

— What description(s) of function should be developed?

* Should libraries of functional elements be compiled?
* Should a small set of functional sub-elements be developed, from which
more complex systems can be built?

— What function simulation tools are needed?
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* Considerable work has been done on FEA of stress, strain, and € ectrica
charge for MEMS.

* What other simulation of function will be important?

e TheDigital Data I nterchange L anguages group discussed the requirements for lan-
guages and standards for interchange of information between research, design, fabri-
cation, and testing groups.

— What level or levels of abstraction should be used for describing the physical
design?
* Should it be two-dimensional layers corresponding to the masks which are
used during the fabrication process?
« Or should it be aform of athree-dimensional description?
* Or should it be adescriptive hierarchy with tools to move between the lev-
els?
— What type of model should be used to represent MEM S designs?

*x What should be the role of traditional solid modeling?

* What attributes should the model provide in describing the design (in ad-
dition to geometry)? Potential candidates include strength, material, mi-
crostructure, tolerance, etc.

— What should be the form of adigital design exchange format?

* Can the format support aternative MEM S processes?
* |sthere acommon set of information required by all MEM S processes?

* What formats and design methodol ogies arein usetoday to support the MEM S
processes and isthere ageneric methodol ogy applicableto all (many of) the
MEMS processes?

* |s there some grouping of MEMSS processes which will facilitate the iden-
tification of generic methodologies?

e The Fabrication Process Simulation group examined the requirements for the sim-
ulation of MEM S fabrication processes during the design process.

— What fabrication simulation tools are needed?

* The physical device isnot asimple extrusion of the 2-D mask

* |sthere aneed for fabrication process planning (or can a*clean separation”
between the design activity and the fabrication details be maintained)?

* Are design critics to identify non-manufacturable features a valuable ap-
proach?

Thesefour groups met over the course of the four day workshop, with twice-daily meet-
ings of the whole group for discussion and interchange. The reports of the four discussion
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groups are included in Section 3 of this report. The whole-group discussions helped refine
the group discussions, developed some common themes, and al so generated an over-arching
agreement on the necessity for someinfrastructure development. A brief report on suggested
infrastructure developments in included in Section 3.

A brief introduction to the background of this report isincluded in the next section, fol-
lowed by brief summaries of each discussion group’s findings and recommendations, fol-
lowed by the full report of each group.

Each participant was encouraged to write a position paper in conjunction with the work-
shop. These are attached to this report in Section 4.
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1.2 Structured Design Methods
1.2.1 Structured Design Methodsfor Digital VLS

Beginning in the late 1970's, representatives from universities and industry convened a se-
ries of workshops on Very Large Scale Integrated Circuits (VLSI) in order to bridge the gap
between abstract design and physical fabrication. Until that time, translation from the ab-
stract logic circuit to a manufacturable layout was a labor-intensive process. Designing the
physical layout required expertise in the fabrication process. Due to the laborious transa-
tion, logic designers received little feedback on the cost and performance consequences of
their design decisions.

Theseries of VL SI workshops promoted the use of afabrication-independent, geometric
representation called CIF (Caltech Intermediate Form). Designers could produce CIF rep-
resentations of their logic designs and apply simple geometrically-oriented design rules. If
the CIF description met al the geometrical design rules, the design was guaranteed to be
manufacturable. A number of silicon foundries would accept CIF inputs and produce fabri-
cated chips. The CIF description would be translated automatically into detailed fabrication
instructions meeting all constraints of the foundry’s fabrication process.

Several benefits derived from the development of CIF and the associated design method-
ology it enabled:

e A standard interchange format between designers and fabricators enabled numerous
Computer-Aided Design (CAD) tools to be generated and distributed. These tools
helped fuel the commercial CAD tool industry.

e Universities could teach process-independent VL S| design to graduate and undergrad-
uate students, providing students with feedback on the results of their design deci-
sons.

e Foundry services were developed which could trandate CIF filesinto working silicon.

e Both students and industrial chip designers could use the foundries to produce work-
ing integrated circuits on “the first silicon”.

1.2.2 Structured Design Methodsfor Mechanical Systems

An NSF-sponsored workshop was held on May 2-4, 1994 entitled New Paradigms for Man-
ufacturing [1] to determine if it was feasible to define an equivaent design methodology for
mechanical systems (or some subset of mechanical systems), decoupling the design repre-
sentation from thefabrication process. The participantsin theworkshop concluded that there
were enough potential similarities between the VL S| design and some classes of mechanical
design for rapid prototyping to warrant further investigation. In particular, two new classes
of layered manufacturing processes were identified as having strong similarities with VLS
fabrication: micro-electronic mechanical systems (MEMS) and solid freeform fabrication
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(SFF). MEM Semploysmany of the samemanufacturing stepsasVL Sl andthe MEM Scom-
munity seems especially amenable to examining the VLS| design methodology to adapt it
to their tasks. Thisworkshop explored the potential for aunified design methodology aimed
at supporting the MEM S fabrication technologies.t

1.2.3 Structured Design Methodsfor MEM S

Motivated by exciting early work in the area [6], in 1988 the National Science Foundation
sponsored aseries of three workshops on Microelectromechanical Systems Research. These
workshops resulted in areport entitled: Small Machines, Large Opportunities: A Report on
the Emerging Field of Microdynamics [3]. This report initiated NSF funded research in the
MEMS field. The motivation described in the report remains viable today.

“The miniaturization of electronics has produced a far-reaching technological
revolution. Now mechanicsis poised on the brink of a similar miniaturization,
and its own revolution. Researchers are working toward creating microdynam-
ical systems, the microscale derivatives of conventional large-scale electrome-
chanical systems.” [3, page 1]

“Thetechnology of microdynamicsisbased onthat of microelectronics but calls
for important advances over it. The goal isto makefully assembled devices and
systems that can do what large-scale electromechanical systems cannot do as
cheaply, or at al.” [3, page 1]

“In recent years these techniques have provided the basis for aviable and grow-
ing sensor industry. This industry’s greatest commercial success is pressure
sensors for automobiles.” [3, page 4]

“Current mask design and creation programs were written in response to the
fabrication requirements of silicon-based el ectronic devices and are now highly
optimized for the technology of microelectronics. Many of the program fea
tures are, at best, useless and, at worst, contrary to the needs of silicon mechan-
ical device fabrication.” “Current programs typically [create] rectangular fea-
tures arranged in Manhattan grids.” “...pattern features other than rectangular,
for example, curvilinear and freeform, will be necessary for making micrody-
namical items such as springs, gears, and bearings.” [3, page 15]

“Microfabrication technologies, based on batch fabrication, lithography, and
selective etching, impose new constraints on the design process. The conven-
tional iterative fabrication [and] sequential refinement ... [is] inappropriate [for
MEMS]. The entire design must be completed before fabrication isbegun.” [3,
page 16]

A previous NSF sponsored workshop held on June 2-5, 1995 at Carnegie Mellon University investigated
the issues of design methodologies for SFF. [2]
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“Thus, simulating designs before they are fabricated, as is done in electronics
and in large-scale mechanics, is highly beneficial. A set of computer-aided de-
signtools can reduce the overall cost and/or time between conception and proto-
typeand improve designsfor better performance. However, for several reasons,
these ssimulation tools are not now readily used in microdynamical systems de-
sign.” [3, page 16]

Though there have been many remarkable and revolutionary advances madeinthe MEMS
area since 1988, the need for structured design methods for MEM S remains [4]. For exam-
ple, there is not yet an equivalent to CIF or the other descriptive languages which are com-
monly used in VLS| design. The MEM Sfabrication processes are maturing rapidly, but they
aremany and varied. Thetimeisnow ripeto develop structured design methods, and to take
advantage of the ill formative nature of the field. The experiences of the VLSI research
community of 25 years ago in developing design methodologies and fabrication processes
should provide useful guidance.

Several elements appear to contribute to the successes in developing structured design
methods for VLSI:

e asmall (but growing) number of functional elements (resistors, capacitors, transistors,
shift registers, logic gates, memory cells, data registers, adders and other arithmetic
logic units, processor core elements, etc.)

e alargely planar topology (Manhattan geometry but with up to three layers of inter-
connection of elements)

e asgparation of form and function (e.g., the function of a device is independent of its
position and orientation on the wafer)

e conservative design rules can eliminate complicating effects (for example, only scalar
flows of electrons are considered in digital VL SI design, concerns for the 3-D vector
and tensor quantities are eliminated)

e adescription of function exists (in VLSI’s case: digital electronic function)

e “Thereisaclean separation between the processing done during wafer fabrication and
the design effort that creates the pattern to be implemented.” [5, page 47]

Many have long argued that macroscopic mechanical design has none of these virtues,
which largely explainsthe lack of structured design methods for mechanical design[1]. The
guestion remains, however, is MEMS enough like VLS| so that structured design methods
can be developed? If so, which part or parts of the developments in VLSI will trandate to
MEMS?

One approach to devel oping these new design formalisms and methods is shown in Fig-
ure 1. The boxes represent physical artifacts, the arrows represent processes. The central
straight lineindicates: amask isprocessed (by fabrication) to create ashape, which when put
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DESIGN

SHAPE SYNTHESIS

N

MASK SYNTHESIS

FABRICATION | | OPERATION |
| SHAPE | | FUNCTION
SIMULATION ANALYSIS

Figure 1: Design and Analysis Processes.

into operation exhibits afunction. Thelower arrows represent engineering analysis. For ex-
ample, asimulation of the fabrication processes can be used to process a mask-layout into a
geometric model of the expected shape, which can be analyzed with afinite e ement method
to predict the function of the device. The “backwards’ pointing arrowsin the upper portion
of the figure represent synthetic (rather than analytic) processes, corresponding to creating
a shape that will exhibit adesired function, and generating a mask that will create adesired
shape.

Analternative view of thisgeneral approach isshownin Figure 2. Theleft-hand flowchart
in Figure 2 shows atypica MEMS design process of today. The right-hand flowchart com-
bines a number of new structured approaches, including reusable component libraries, ad-
vanced simulation and analysis, and (similar to Figure 1) adirect synthesis of layout from
schematic.

Whilethe challenges to devel oping structured design methodsfor MEM Sare significant,
the benefits of such methods will greatly enhance MEMS developments. A set of initia
research steps appear to be reasonably clear, and are discussed in the following sections of
this report.
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1.3 Chargetothe Workshop on Structured Design Methodsfor MEM S

Dr. Bernard Chern
Division Director
Microelectronic Information Processing Systems (MIPS)
National Science Foundation

4201 Wilson Blvd.

Arlington, VA 22230

tel: 703/306-1940, Fax: 703/306-0610
bcher n@nsf . gov

The goal of research in rapid prototyping is to develop and integrate methodologies,
tools, environments and technol ogies needed to be able to automate the rapid, efficient and
accurate design and construction of processes, artifacts and systems of artifacts. A key long
term objective isto develop adesign methodology that can be applied generally to mechan-
ical and electromechanical systems.

This workshop is intended to identify and encourage research efforts on implementing
MEMS design methodologies. The scope of these efforts, however, includes not just the
design methodology itself, but also the design tools, design environments and design tech-
nologies that will be available for rapid prototyping usng MEMS.

At this workshop we will grapple with research needed to create a VL SI-like design
methodology (including tools, environments, levels of abstraction, ...) for the MEM Stech-
nologies inwhich there isaclean separation between design and fabrication; that is, between
the design community with its concerns about CAD tools, design environments, etc., and
the fabrication community with its concerns about equipment and processing capabilities as
waell as such customer servicing criteria as cost and responsiveness.

To achieve such an outcome we will need to answer some key questions:

e Can we use the same generic layering model for al MEMS fabrication processes?
Should it differ from “the most generic model” described in C.A. Mead's Preface to
the Workshop on New Paradigms for Manufacturing?

e Canweidentify acommon digital specification language that can be used generally to
describe the desired prototype in terms of the resulting geometry on each layer? If the
answer is CIF (Cdtech Intermediate Format), is CIF adequate for present and future
systems?

e Canweusethisdigital interface (consisting of CIF, the generic model of layered fabri-
cation and the common understanding of the standard process) to achieve aclean sepa-
ration between the design and processing activities? (See R. Sproull’s paper: “Digita
Interfacesto Fabrication” from the Workshop on New Paradigms for Manufacturing.)

e What benefits could be derived from the use of 3D modeling in the MEMS design
methodology? In SFF, design is done using 3D modeling (SIF - Solid Interchange
Format). The 3D model is then sliced yielding datain L-SIF form (L-SIF - Layered
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SIF). Isthe fina physical shape part of the MEMS design process or is the design
carried out in terms of function and 2D descriptions in CIF? How does the MEMS
design methodol ogy relateto that for SFF? (See paper by C.H. Sequinand S. McMains
titled “What can we Learn from the VLS| Revolution?’ from the Workshop on SFF
Design Methodol ogies.)

e Canwemakethedesign tool hierarchy independent of process evolution (smaller fea-
ture sizes, thinner polysilicon layers, etc.)? In the VLSI domain the fabricators are
driven by the design community through interaction across the “ clean separation” in-
terface; can thisbedonein MEMS?

e What levels of abstraction are appropriate to MEM S mechanical design and how can
we improve the ease of moving among these levels?

e Does the current design methodology used in MEM S enable a compatible treatment
of the electronic and mechanical structures inthe MEM S system? Would such atreat-
ment be advantageous?

e Doestoday’s MEMS design methodology start with function or with shape? SFF de-
sign starts with shape (3D model) but VL SI starts with function (HDL description).
Which approach is best, in MEMS applications, for the designer, the fabricator, the
user?

e How much commonality is possible between MEMS design and SFF design: lan-
guage? interface? levels of abstraction? design tools? etc.

e The MCNC/MUMPSinfrastructure has been successful in establishing astandard pro-
cess and making it widely available. What can be done through improvement of the
MEM S design methodology to enhance the potentid for rapid, error-free product gen-
eration within the present process capability?

A successful workshop for developing a common design methodology for the MEM S
technologies will result in:

e A strong argument for an NSF/MIPS research program focused on systems design to
make for the rapid prototyping of MEMS structures.

e Definition of a common low-level layer-based digital interface descriptive language
for present and future M EM Stechnol ogy implementations. Thiscan beagreat advan-
tage, making avariety of MEM Stechnol ogies available to the designer (without learn-
ing a new interface language) and making many customers available to the MEMS
fabricator without the need to invest time and energy bringing the designer up to speed
to address histechnology. Further, modifications and advances in the MEM S process
area could be accommodated within the same design framework, merely involving
changes in the design rules. Also the digital interface language would permit design
submission over a network so that brokerage services, such as MOSIS and MCNC,
become practical.
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e Steady accumulation in the industry of feature and object description libraries, in a
common language, that can be incorporated in the design heritage of thefield and that
will encourage the refinement of a hierarchical design methodology that will make
them useful to the entire design community.

e Momentum to create software paths from the higher level descriptions (with which
the designer starts) to this digital interface language.

e Momentum to create paths (algorithms and translation code) to go from this common
digital interface language to the languages that drive the MEM S fabrication systems.

e Refocusing by those activein MEM S-based prototyping from the nuts and bolts of the
design processto the optimization of system implementation along the dimensions of
time to market, multiple sourcing, reuse of design building blocks, de-skilling of low
level design activities, etc.

e Lower codt, reduced delay and fewer errors for system implementation using MEMS-
based rapid prototyping technology. (Lower cost because the design is cheaper and
more designs go down this design path to many competitive vendors, reduced delay
and errors because the design path is significantly automated and takes advantage of
design heritage)

e Increased exploration of sophisticated MEM S product design alternatives because the
time and cost for experimental implementation are brought within reach so that there
will be more cycles of learning about market requirements incorporated in each prod-
uct generation

e Thesetechniques for using alow level digital descriptive interfacein MEMS can (po-
tentialy) and will (very likely) be trandated into enhancements for more general me-
chanical system design (e.g., SFF) where they will provide an impetus for extending
design automation to ever-widening regions of mechanical design space
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1.4 Discussion Groups

The workshop attendees, identified by discussion group, are listed below.

e Synthesis Discussion Group Members:

Joseph Cavallaro (Rice University), Moderator
G. K. Ananthasuresh (MIT)

Michael Horton (Berkeley)

Andrew Khang (UCLA)

Mark Long (California Ingtitute of Technology)
Carlos Mastrangelo (University of Michigan)
Peter Parrish (Tanner Research)

Kristofer Pister (UCLA)

e Function Process Simulation Discussion Group Members:

Selden Crary (University of Michigan), Moderator
Narayan Aluru (MIT)

Gary Fedder (Carnegie Melon University)
Ramaswamy Mahadevan (MCNC)

Mary Ann Maher (Tanner Research)

Richard D. Martin (Jet Propulsion Laboratory)
Linda Miller (Jet Propulsion Laboratory)

Peter Will (1SI)

John Staudhammer (NSF)

e Digital Data I nterchange L anguages Discussion Group Members:

Vance Tyree (1Sl), Moderator

Erik Antonsson (California Institute of Technology)
Paul Lodeben (Stanford University)

Amar Mukherjee (University of Centra Florida)
Bernard Chern (NSF)

e Process Simulation Discussion Group Members:

Ted Hubbard (Technical University of Nova Scotia), M oderator
Erik Antonsson (California Institute of Technology)

Frank Li (Cdlifornia Institute of Technology)

Ramaswamy Mahadevan (MCNC)

Fariborz Maseeh (Intelli Sense)

John Tanner (Tanner Research)

Jack Hilibrand (NSF)
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2 Summary Findings and Recommendations

This section presents a summary of the findings and recommendations of each of the work-
shop discussion groups. While each of the groups addressed a different topic, the findings
and recommendeations contained some striking commonalities. Nearly every group included
recommendations to encourage and support research into:

e datainterchange representations/languages,
e libraries of successful MEMS (sub-)elements,
e analysis and simulation in multiple energy domains.

Thus it appears that these three areas may form the core of structured design methods for
MEMS.

However, the reports (perhaps properly, at this early stage of development) do not con-
tain any specifics on theinformation that will be interchanged by thelanguages, stored inthe
libraries, or analyzed across multiple energy domains. Therefore, atop-level issue remains
to be clarified, namely: what information should be used to represent the MEMSS designs
(either designs in progress, or completed devices). Should it be the attributes of the final
desired device (e.g., 3-D shape and materials), or should it be the layout of the masks and
other processing information to create the desired final (3-D) shape? Should it be function
or structure?

Developing Structured Design Methods for MEMSS holds the promise to significantly
reduce the costs and time to create new devices and systems, and increase the complexity
and robustness of devices and systems that can be designed.
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2.1 Synthesis Summary

Synthesis proceeds from a high level behaviora or structural description of the desired ob-
ject or system to a detailed geometric description suitable for transmission to a fabricator.
Therehasbeen great progressin VLS| synthesis based on elementary Bool ean building blocks
(simple gates) and higher level parameterized functional blocks (registers, core processors,
etc.). Such progress has been of greatest value to system level designers who can design
layouts at a high leve of (functional) abstraction. The synthesized designs are not as effi-
cient as simple designs implemented by experienced chip designers, but they are generally
used for highly complex designs wherethe potential for errors, working at thelowest level of
abstraction, is a severe problem. What began with simple parameterizable building blocks
(like multistage shift registers) was steadily broadened until today full complex functions
are used as building blocks in till more complex applications.

The richness of possible applications for MEMS and their growing complexity suggest
that there is great potential for developing a synthesis technology. It will be necessary to
start at the simplest possible level with afocus on descriptive languages which are not lim-
iting but which are amenable to becoming the basis for a hierarchy of building blocks. One
example might be a mechanical filter in which the multiple pass and stop bands can be syn-
thesized of independently parameterized elements tied together. The gradual accumulation
of alibrary of building blocks depends on maintaining a common descriptive language over
along period of time and making the descriptions in that language as generic as possible.
One thrust of the synthesis effort, in the absence of generic building blocks (Boolean logic
functions in digital VLSI), is to accumulate design heritage in libraries of building blocks
with geometric, compositional, functional and performance data included.

Finding: Languagesfor representing MEM Sfunctions do not yet exist. At present an HDL
(Hardware Descriptive Language) for MEMSisnot available. A language isrequired
whose syntax will facilitate the mapping of function and other attributes to shape, per-
haps viathe building blocks in the MEMS cell library.

Recommendation: Support the development of languages for MEMS design, perhaps in-
cludingaMEMSHDL. Encourage MEM S/HDL language standardization and usein
research and education.

Finding: Libraries of reusable MEMS (sub-)elements, devices and systems are beginning
to be formed.

Recommendation: Support the development of common descriptive languages and inter-
faces so that system designers can take advantage of existing custom designed com-
ponent building blocks in their system design activities. Support the development of
tools for formal verification and assembly using existing library elements.

Finding: Inorder to develop highly complex and integrated MEMS, synthesis methods are
required that can start with a multi-energy domain schematic and create component
shapes.
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Recommendation: Support research in the definition of multi-domain representation and
extended semantics for links between the domains; support the development of tools
for shape generation, search, placement and routing of multiple objects, etc.

Recommendation: Support efforts to (1) broaden the class of devices with synthesis from
performance description to configuration and (2) to identify other classes of functions
that are amenable to this simplified treatment.
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2.2 Function Simulation Summary

Simulation of the mechanical and electrical function of MEMS devices and systemsisin-
tended to provide the designer with the ability to insure that the design he submits for fab-
rication will meet the function and performance requirements of the application. The rep-
resentation of the device occurs at many levels of abstraction and it isimportant to be able
to move between levels accurately and unambiguously to support top-down and bottom-up
design.

Equally, a CAD framework for MEM S needs to support representation and analysisin
multiple energy domains (el ectrical, mechanical, thermal, radiant, chemical, magnetic, acous-
tic and fluidic) with coupling between them. In each of these domains, the MEMS system
must be represented so that function can be verified at the desired level of abstraction. The
design framework required for MEMS is complex, but it is important to define the frame-
work properly so that design can be performed effectively and accurately by novice and ex-
pert designer.

Finding: A common language for representing MEM S functions is needed.

Recommendation: Support the development of atheoretical framework and tools for rep-
resentation and analysis of (multi-energy domain) MEMS functions, and make the
tools available to the design community. Some such tools, by analogy to VLS|, might
be:

e Layout verification tools (design rule checkers, component extractors, layout vs.
netlist comparers, etc.)

e Hierarchical schematic description and editing

e Multidomain simulators

e Circuit level simulators (Spice-like equations with parameter extraction capabil-
ities)

e MEMS specific solid modelers capable of being manipulated to provide object
descriptions suitable for transmission to the fabricators

e Hardware behaviora modeling language (similar to VHDL-A"?)

Finding: Similar to VLS, libraries of MEMS functional (sub-)elements appears likely to
facilitate devel opment of complex systems.

Recommendation: Establish aframework for libraries of previoudy successful MEM Sde-
vices and elements.
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2.3 Digital Data I nterchange L anguages Summary

A widely used language for (digital) interchange of MEMS design data is crucial to rapid
advances. The theme of “representation framework” or “language” is common to the five
areas considered by this workshop, and underlies nearly all of the findings and recommen-
dations. Synthesis, simulation of function, simulation of fabrication processes and teaching
all will depend on an appropriate representation for interchange of information.

Thegoal of any such interchange representation isto permit the sharing of design knowl-
edge and experience, as well as the rapid transmission of design information to fabricators.
The interchange representation can also serve an additional function: that of separating the
design process from the fabrication process. Should such a“clean separation” beachievable,
it will arise through the construction and use of an appropriate information interchange lan-
guage. Any such language must accommodate current MEMSS (sub-)elements, devices and
systems, while not constraining future developments.

One crucial aspect to resolve early isthe type of information to be transmitted. In VLS,
designers transmit the desired final 2-D shapes for each layer to the fabricators. The fab-
ricators then (with an intimate understanding of their processes) adjust or compensate or
pre-distort the mask-layouts so that the desired final shapes will be created. Currently in
MEMS, designers do the pre-distorting and must therefore have adeep understanding of the
fabrication processes to be used. This results in much experimentation and many prototype
fabrication cycles. The current strong connection between design and fabrication for MEM S
isunlike digital VLSI, and may prove a hindrance to rapid advances.

Finding: An extensible standard digital datainterchange format or language is needed for
MEMS.

Recommendation: Since the interchange representation underlies nearly all other design-
related activitiesfor MEMS, it is crucial that research in this area be vigoroudly initi-
ated and pursued. This effort should not be limited to shape aone, but should include
materials properties, layer properties, function, etc., and provide data for al of the
required analyses (stress/strain, electrical charge, fluid flow, vibration/mode-shape,
ec.).

Finding: Improved descriptive language for 2-D objects is needed capable of describing
non-polygonal geometries and interfacing to modern mask-layout generators.

Recommendation: Support the development and adoption of extensionsto the CIF (or GS-
DIl) language to accommodate non-polygonal geometries, to provide for avariety of
geometry adjustments suitable for the MEM S processes (shrinks, bloats, etc.) and to
interface to mask making equipments.
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2.4 Fabrication Process Simulation Summary

Process simulation isthe conversion of multiple two-dimensional layout geometriesand pro-
cess information into a three dimensional representation of the output shape. It is used to
provide feedback in the design/fabrication loop before the full commitment to build a pro-
totype is made. In the present state of MEM Stechnology it is used to reduce the number of
trial and error physical fabrication iterations required to converge on thefinal design, masks
and processes. In the future, it will also be used to guide the development of improved pro-
cesses and to assess the senitivity of the design to normal process variations. It can also
play arolein developing design rules.

Finding: Whilea"clean separation” between design and fabrication isoneideal, the current
state of MEM S devel opments will greatly benefit from accurate, efficient smulation
of fabrication processes. The primary benefit will be a reduction in the number of
prototype cycles required.

Recommendation: Evaluate processsimulators currently available (bothfor VLSl and MEMYS)
and support research efforts to advance the state of fabrication process simulation, in-
cluding continuous-time simulations, process variations, second- and third-order fab-
rication effects, and performance metrics.

Finding: Process simulation supports fabricators in building ascience underlying their em-
pirical results and it supports designers working on new processes who are seldom
able to use detailed formulations for specific regions of design space.

Recommendation: Support the basic science underlying the simulation of classes of pro-
cesses rather than the definition of detailed empirical relations in any narrow process
region. Support process simulation capability and process sensitivity studies for the
industry standard processes where there can be rapid prototyping to move the tech-
nology ahead.
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25 [Infrastructure Summary

Finding: A national infrastructure for design and fabrication of VL SI devices played akey
rolein building aVVLSI community.

Recommendation: Create anationa infrastructure for design and manufacture of MEMS,
including a set of standard MEMS processes and a MEM S implementation service
(MEMSIS), so that awider community of MEM S designers can be created.

Finding: Therapid dissemination of MEM S design and fabrication knowledge will primar-
ily be achieved by the movement of students from classrooms and university labora
toriesto commercial developers of MEMS. This movement can be greatly facilitated
by increasing the number of students who are exposed to structured design methods
for MEMS.

Recommendation: Develop courses and curriculum materials for MEM S design and fab-
rication. Courses should be created specifically for faculty members and an annual
Workshop with participation of both industry and academia to stimulate future re-
search and facilitate keeping pace in curriculum development with developments in
the MEMS area.
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2.6 Conclusions

(Semi-)automated synthesis of at least some classes of MEM S devices appearsto be areal-
istic near-term result of research into structured design methods for MEMS. Thiswork will
draw heavily ontheprior developmentsindigital VLSI, but will also clearly depart in severa
significant ways. However, the need for awidely-used representation format (language); the
clear value of libraries of reusable elements, and the need of efficient, high-quality smula-
tions are all elements in common with the prior developments in structured design methods
for digital VLSI.

These dements may take the form of alanguage to facilitate structured design methods
(perhaps an HDL-like language), or may consist of libraries of successful (sub-)elements
or devices (although the language/representation that will be used to store these prior de-
signs in the library remains a research issue), or may be analytical methodologies that can
rapidly transform adesired functional description into athe description of a physical device
(or perhaps into a description of the instructions (e.g., mask-layout) and other processing
instructions to create the device), or may be methods to efficiently and rapidly explore the
highly complex design space. Languages, libraries and simulation will form the basis for
creating a*“clean separation” between design and fabrication of MEMS. Research into all
of these approaches should be pursued.

The goal of all of these approaches isto free the MEMS designer from the necessity of
intimate knowledge of the details of each fabrication process. This approach to creating a
“clean separation” between design and fabrication will not only greatly enlarge the com-
munity of MEM S designers, and decrease the time and number of prototypes required for
each new MEM Sdevice, and increase the quality of MEM S designs (by increasing their ro-
bustness to uncontrolled variations), but will aso free the fabrication process developers to
(more) independently improve their processes.
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3 Workshop Discussion Group Reports

Each of the four discussion groups deliberated over the course of three days of meetings,
and produced areport. The objective of each group’s report isto briefly summarize the state
of the art, the current needs, and articulate a set of research issues and goals.

Additionally, during the discussions with al four groups together, it was unanimously
agreed that some elements of infrastructure should a so be devel oped, notably readily avail-
able standard fabrication processes, and widely disseminated teaching materials. Thusafifth
group report isincluded here, briefly addressing the issues of infrastructure.
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3.1 Synthesisof MEMS
3.1.1 Introduction

In recent years, computer-aided design tools for the synthesis of VLSl integrated circuits
have been a topic of research and development. Synthesis strives to proceed from a high-
level behavioral or structura description of aVLSI system down to low-level mask geome-
try. Thevarious VLSI synthesis |evels build upon the mask geometry layout editors that are
the designer’s interface to the fabrication process.

Arguably, “structured-custom” synthesis paradigmsin digital VLSI (hybrid gate arrays,
standard cells, chip assembly, parameterizable cores) and rapid prototyping methodologies
(field programmable logic and interconnect devices) are “success stories’. There has been
greater progress in synthesis tools for digital VLS| systems than for analog VLS| systems.
The analogy of microelectromechanical systems (MEMS) to analog VL SI may be more ap-
propriate than an analogy to digital VL SI. Many position papers at the May 1994 NSF New
Paradigms for Manufacturing workshop [1] noted the limits of the analogy between VLS
systems and mechanical systems, particularly with respect to the design process, and implic-
itly with respect to the prospects for developing “synthesis’ tools for mechanical systems.

Our own general session and breakout discussions, while specific to microel ectrome-
chanical systems, have recapitulated the general findings of previous workshop attendees:

(i) VLSl hasa*“complete basis’ (the NOR gate), while MEM S does not;

(ii) VLSI hasa“clean separation” between function/design and fabrication/process, while
MEMS does not;

(iii) VLSI has mathematical constructs (Boolean agebra, correct-by-construction synthe-
sis, etc.), while MEM S does not, and

(iv) VLSI operates on (digital) information and has no moving parts, while MEM S oper-
ates in multiple coupled energy domains and has mechanical structures.

Recent research in MEMS has focused on inertial sensors, micro-optics, micro-robots
for assembly, and micro-manipulation. The richness of possible applications, and the com-
plexity of contemplated systems (e.g., micro-robots), suggest a great deal of potentia for
synthesis technology for MEMS. Anaogous to the situation in VLS|, synthesis tools for
MEMS must operate on severa views of the design:

(i) fromdesired 3-D geometry (device cross-sections) to process and mask specifications;
(ii) from electro-mechanical circuit to component geometry specification; and

(iii) from high-level, functional description of the hardware to electro-mechanical circuit
specification.
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Overview of VLS| Synthesis Synthesis, inthe VLSI context, connotes “ something other
than custom or hand-crafted”. Today, elements of the VL SI synthesi s process contain anum-
ber of different design levels and acollection of CAD toolsto convert from level tolevel. At
the highest level are Hardware Description Languages (HDL). These languages can include
abehavioral and/or functional description of the system. The various hierarchical levels of
abstraction correlate well with stages in astandard “design flow”.

From the HDL, a synthesis system would contain a CAD tool with algorithms which
can apply transformations to produce an intermediate design representation. This interme-
diate design representation may be at the control-data flow graph or Boolean network levels.
Another CAD tool may then input the control-data flow graph and search for area and time
design trade-offs within the space of feasible (i.e., correct) designs. This design trade-off
analysis tool would output a revised list of hardware resources and a control “schedul€e” in
a structure description language format.

At the next lower level, algorithms which map the revised intermediate design represen-
tation to alibrary of component “macros’ (RTL-level blocks, standard-cell, etc.), would be
invoked. This process is essentialy performed via a covering formulation. At the lowest
level, there will be algorithms which embed the physical design and its connection topology
onto silicon resources. A number of reasonably well-established CAD tools will handle the
placement and routing tasks and produce afinal CIF or GDS Il mask geometry file if the
design isto be produced via atypical CMOS process.

Issuesfor MEMS Synthesis From the above discussion of atypical VLS synthesis sys-
tem, a number of similarities and differences exist when trying to propose a synthesis sys-
temsfor MEMS. These include:

e Mechanica coupling and multi-functional structure complicate the physical embed-
ding task. “Back-loading effects’ and a host of constraints, along with a possibly
richer notion of “component library” that spans parameterized generators and mullti-
ple fabrication processes, complicate the technology mapping task. Fundamental re-
search must address:

(i) new means of representing/parameterizing the design space (e.g., a the“ circuit”
and “component” levels),

(ii) new means of abstracting optimizable objectives from the design description,
the design constraints, the “netlist” of selected components, etc., and

(iii) new meansof performing constrained/heuristic optimization and heuristic search.

e The semantics of interface specifications for components requires development (e.g.,
semantics of a component structure in terms of required adjacency to X, shielding
property for Y, barrier for flow of Z, etc.). Thereisaneed for engines and agorithms
that can reason about the increased complexity and variety of interconnections that
are possiblein MEMS systems.
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e Parameterized component libraries and library generators require further development.
For example, generalized semantics for terminal locations, internal (to the compo-
nent) connections, process technologies, technology scaling, drawn and process di-
mensions, various performance parameters (time constants, etc.) need to be defined
and standardized.

e There are differences in mapping geometry to process and mask for MEMS as op-
posed to VLS.

e InVLSl, designs can be reduced to asimple set of library logic cells, such asNAND
and NOR. A basic cell library simplifies design reuse. In MEMS, it is more difficult
to propose a basis set, from which one can combine into alarge class of systems.

e Aninteresting long-term goal would be the development of a*“complete” or “admissi-
ble” search and optimization methodology for “optimal design”. Possible directions
include a generalized theory of transduction, or the notion of afundamental building
block for MEMS (e.g., a Cartesian block with inertia, damping, spring constant, co-
efficient of thermal expansion, etc.).

3.1.2 Findingsand Recommendations

Synthesis is complementary to analysis which includes the tasks of extraction and smula-
tion. Accompanying each step from a given leve to the next higher level is an extraction,
whereby the output of analysis at one level can be used for analysis at the next higher level.
It isimportant to have sufficient analysis tools so that goal's such asthe following can be met
successfully:

(i) top-down design from afunctional or other high-level specification, or

(ii) iterative design that includes semi-automatic exploration of the design space and achieves
short design cycles.

Thefollowing summary lists suggested directions and motivations for several broad lev-
elsat which synthesis for MEM S should be developed. To organize the findings and recom-
mendations, Table 1 shows the different “levels’ of MEMS design. The synthesis process
involves traversing this figure from the top system level down to the bottom process-mask
level. Conversely, analysis involves traversing this figure from the bottom up. Each of the
subsections below relates to the tasks needed to proceed from one level of the table to the
next level below.

Finding: MEM SHardware description language. At present, aHDL for MEMS is not
available. Severa characteristics of a potential language were considered. For ex-
ample, the HDL may have a“C” language or MATLAB style syntax. The language
syntax should help to facilitate the mapping onto the building blocks in the MEM S
cel library.
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Table 1: Goalsfor Synthesis Research from System Issues down to Processand Mask. Syn-

Structured Design Methods for MEM S

Synthesis Level

3 Year goa

10-Year god

SYSTEM

Model including
(dynamics)

Lang. requirements

HDL to schematic
synthesis

Diagnostic structures

HDL language

Formal design and
verification methods

Resource allocation

Packaging, assembly
and identification

MULTI-DOMAIN

2D mech-€electrical

Chemical, magnetic

SCHEMATIC fluidic and thermal
Library: actuator, other domains
spring, mass, damper
elements Place & route cues

Shape synthesis

COMPONENT Tool prototype 3D shape generator

Physical shape 2D shape generator Yield/cost analysis

(structure) (homogenization) tools

Process compiler
(MISTIC)

Layout generator with
component library for
fixed processes

Implement & distribute

process compiler such as

Tanner, CaMEL

Process variation
compensation tools

PROCESS — MASK

Extensions to bulk
micromachining
mask/layout

Develop process library
technology file

DRC & extraction for
specific processes

Assembly sequence
synthesis

Reliability

thesis Proceeds Downward || while Analysis Proceeds Upward 1.
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Recommendations. Definea MEM S Hardware Description Language.

e Develop aLanguage Requirements Manual (LRM) and perhaps a draft specifi-
cation. [3-years|

e Incorporate a description of multiple energy domains, transduction, and pack-
aging into the HDL . Describe the physical/spatial relationships between objects.
Investigate the applicability of VHDL-A, (analog extension to VHDL). Provide
information on MEMS needs and requirements (e.g., distributed /non-lumped
systems, or thermal expansion) to the committee devel oping the VHDL-A spec-
ification. [5-years]

e Proceed with HDL Language standardization and encourage widespread use.
[10-years)

Finding: HDL to “Multi-domain Schematic”. Automated synthesisfromHDL iscurrently
not available. The problem of synthesis can be further divided into synthesis of sys-
tems and synthesis of custom components. The high level description of a system
can be used to assembl e the system from alibrary of existing components. However,
the library may not have the necessary components for al systems. Thusit is aso
necessary to synthesize custom components from a functionality specification. This
can be accomplished by determining the device topology needed, then scaling the di-
mensions appropriately and if necessary extracting the process required to fabricate
it. Synthesisis necessary because the bottom up approach takes too long to design.

For the system designer, thegoal of synthesisisnot necessarily designing the optimum
device but israpid prototyping and “design reuse” through component libraries. For
the custom component designer, the goal is maximum performance. These two goals
may lead to different synthesis pathways.

Recommendations:

1. Define schematic symboals, interfaces and connection rules for MEM S components.
The near term focus is on planar technology, and on thermal, solid mechanical, and
electrica domains. [3-year]

2. Develop anHDL-MEM S-to-schematic trandator. Thistool would provide agraphical
interface to the MEM S schematic symbols (analogous to a VLS| schematic capture
tool). [3-years)

3. Study the Bond-Graph representation, which is based on power flow. Thisrepresenta-
tion provides aframework for systemsinvolving severa energy domains. It not only
provides a common representation for all elements belonging to different energy do-
mains, it also permits couplings among different domains. It works on the principle
that elements/subsystems of every domain can be broken into three types of common
elements such as storage elements, dissipators, and energy sources/sinks.
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There are system level simulators that read a bond-graph representation and simulate
the behavior of the system (e.g., CAMASfrom the University of Twente, Netherlands
and ENPORT from Michigan State University). Determine how well related elec-
tronic elements fit the bond-graph representation, that is, how well can we describe
the electronic elements (e.g., transistor, Op-Amp) in terms of storage-dissipator mod-
els. Explore the bond-graph approach as ameans to obtain asystem level description
language integrating mechanical and electrical components. [3-years)

. Formal verification and “ correct-by-construction” design methodologies. [10-years]

. Develop toolsfor MEMS “signal” flowgraph generation, scheduling algorithms (par-

ald/serial, areatime trade-offs), and automatic resource allocation (number of com-
ponents). Develop tools with knowledge of constraints on signals, and binding of re-
sources (operations to components). These tools would be analogous to similar steps
in VLSI high-level synthesis. [10-years|

. Provide support tools for packaging and assembly, analogous to tools for VLS| pad-

frame generation. [10-years]

Finding: “Multi-domain Schematic” to 3-D Shapes. In a“strawhorse” example, the in-

put isamulti-domain schematic. For example, consider the design of aresonator com-
posed of a spring and a mass, shown photographically in Figure 3 and schematically
inFigure4. The system hasintrinsic damping and isdriven by an electrostatic or elec-
trothermal actuator. The terminals can have associated vectors of energy domains, or
be specific to a particular energy domain. Design tools would then generate compo-
nent layout. Tanner Research Toolsand MCNC's CaMEL efforts are the current state
of the art in terms of parameterized layout generators.

Determine the shape of the component from the desired behavior. Usetechniqueslike
homogenization (3-10 years) at the electromechanical circuit level. Themotivatorsin-
clude: design re-use, formalized repository or mechanism for reproduction of design
know-how. Complicationsinclude: mechanical coupling, multiple interacting energy
domains, etc.

Recommendations:

1. Develop amulti-domain schematic representation which includes actuators, springs,

masses and dampers. Develop extended semantics (cf. the observations of “multi-
functionality” in earlier workshops). For example, alink in VLS| denotes electrical
connectivity, but often (e.g., a the place-and-route level) does not even have asso-
ciated information giving the direction of signal flow. In contrast, alink for MEMS
might denote impermeability to afluid, heat conduction path, rigid (straight-line shape)
mechanical coupling, etc.
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Figure 3: Photograph of a MEM S Resonator.
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One approach might incorporate a generalized vector of potentials (e.g., temperature,
force, electrostatic potential, pressure). Interconnection linkswould then have seman-
tics that included flow-like quantities (e.g., heat, displacement, current, fluid). This
would offer the possibility of straightforward paths to simulation tools like SPICE.
[5-years]

2. Develop prototype tools for the following:

e Develop shape generation: For example, given amass and spring constant, gen-
erate aflexure, support structure, etc.

e Develop “ Search mechanisms’ for extracting library elements.

e Develop place and route tools to complete the schematic. Place and route is es-
sentially an optimization step. The problem isone of physical embedding under
tremendous constraints. Both the technology mapping and the physical layout
will require significant departure from current VL S| approaches. Therewill typ-
ically be avery discontinuous “feasible region” for the design, and stepsin the
flow may actually be quite iterative. Technology mapping, parameterized com-
ponent generation, place-and-route might together constitute aloop. [3-years]

e Integrate yield, sengitivity analysis (to process variations), and cost issues into
process synthesis. [10-years|

Finding: Shapeto Process Flow/Mask Geometry. If the processisfixed, then processdata
and choice of generator from a generator library can also yield mask data for a com-
ponent. Thisis the Tanner and CaMEL approach. For CaMEL, there is a generator
utility that accesses a generic library of electro-mechanical elements including actu-
ators, gears, simple hinges and accelerometers. The non-parameterized elements are
generated using PERL scripts and the parameterized elements are created using com-
piled programs. There are more non-parameterized elements than parameterized ele-
ments. Tanner has developed an applications-level interface to their design database
and user-interface capabilities, which can be used to develop parameterized compo-
nent layouts. Currently aC-language interface is supported. The benefit of the Tanner
approach is the wide acceptance of C and the L-Edit program.

Tools that automatically synthesize process flows from cross-sectiona specifications
are needed for “custom” device synthesis. Generators must output “design rule cor-
rect” (i.e., feasible with respect to process) instances. Existing tools from Univ. of
Michigan (MISTIC) have made good progressto thisend for surface-micromachining.
Complementary work in mask layout synthesis for bulk micro-machined structures
should be encouraged.

Process perhaps should not be sointimately coupled to function and design. Itispossi-
ble that more designs are “reachable” via atechnol ogy-specific suite of synthesis and
exploration tools than are reachable via the current approach (within which process
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design essentially follows from function). The task of building a significant compo-
nent library for aparticular identified process can spur development of tool infrastruc-
ture.

Recommendations:

1. Develop afull implementation of current research software for thin films, for example
the MISTIC-type approach. Then extend the implementation to bulk micromachining
(analogous mask layout capability for bulk-micromachining) and 3D. Develop library
generation tools (correct for any given process). Efficient search over the solution
space is critical. Disseminate tools to al users. Reduce algorithm complexity of the
implementation. [3-years|
Both types of generators should beintegrated into general purpose layout tools. Con-
tinueto develop the CaMEL library. Generate simulation modelslinked to layout gen-
eration. [3-years|

2. Understand use of time etching for component shaping. Thisis an inverse of recent
anisotropic etching simulation work. [3-years]

3. Define and develop technology files for standard processes. [3-years|

4. Develop libraries which are correct-by-construction for any given process. For fixed
processes, process dataand choice of generator from agenerator library can alsoyield
mask data for a component. Develop design rules and design rule checking (DRC)
capabilities. Generators must output “design rule correct” (i.e., feasible with respect
to process) instances. Emphasize “design reuse.” [3-years]

5. Investigate assembly sequence, and reliability issues. [10-years]

Finding: Synthesisfrom Performanceto Mask Geometry. Thisprocessessentially skips
the 3D geometrical view. Recent research isexploring thisapproach. The CaMEL and
Tanner systems can generate geometries from physical parameters, but these tools do
not include evauations or ssimulations of performance.

Recommendations:

1. Develop performance driven layout generation. Generate layout from these three data
inputs. material/process data (from handbook, FEA , measurements, Technology File),
libraries of parameterized cells (and cell generators) and performance specifications.
[3-years]

2. Promote research to understand process flows — including time etches — with respect
to the layer structures. Demonstrate component synthesis. [3-years]

3. Demongtrate synthesis of smoothly varying structures and even further with the LIGA
technology. [10-years]
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3.1.3 Summary

Degspite the differences between digital VLSI and MEMS, sufficient parallels exist to rec-
ommend a program of research to develop (semi-)automated methods for synthesizing at
least some classes of MEMS devices. The differences between digital VLSI and MEMS
strongly suggest that structured MEM S synthesis methods will not be adirect outgrowth of
VLS| methods, however, many of the underlying constructs (e.g., language, modeling, sim-
ulation, etc.) should be similar in philosophy, and appear likely to serve as guides for initia
research in this area.

VHDL-A appears to be an appropriate starting place for synthesis language-related re-
search. The development of libraries of previousdly successful designs isaso important, but
can proceed (at best) in paralel with synthesis language devel opment. Approaches to trans-
forming a description (perhaps of the function) of adesired device into a description of the
physical device (including trandation-like methods as well as search methods) have a great
deal of promise for synthesis of MEM S devices, and research in this area should be encour-
aged.
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3.2 Simulation of Function
3.2.1 Introduction

CAD toolsfor MEM S should be devel oped that are easy to usefor novices, electronic circuit
designers, and MEMS experts. MEM S “experts’ ahilities are usually focused on sub-areas
of MEM S and they too will greatly benefit from basic CAD tools. Thereisroom for ahier-
archy of representations and models of MEMS to satisfy the needs of a spectrum of users.
Features of easy to use MEM S CAD tools include:

e integrated toolset with capability to design at different levels and views,
e generation and extraction to different views and levels,

e fast agorithms for multi-domain analysis,

e libraries of reusable elements,

e support for top-down and bottom-up design.

Many design issues govern the CAD representation of MEMS and VLS| frameworks.
To seeif a VLS| framework or design methodology is extensible to the MEMS fidld, the
differences and similarities between the two must be explored. In VLSI, the mgjor part of
the design occurs in a single primary energy domain with interactions described primarily
by electrical quantities ¢ and v. In MEMS, the components of the system work in multiple
energy domains - electrical, mechanical, thermal, radiant, chemical, magnetic, acoustic and
fluidic - with coupling between them. Thus, any CAD framework for MEM S must support
representation and analysisin multiple energy domains. InVLSI, a2D layout abstraction is
supported whereas in MEMS a 3D representation of structures is needed by the designer—
especially for analysis. Process level design is also necessary in the MEMS arena and re-
quires a separate design/simulation framework. Unlike VLSI design, there currently isn't
a “clean separation” between the designer and the fabrication process for all MEMS pro-
cesses. In addition, digital VLSI design typically has many higher levels of abstraction that
are not currently used in MEM S design.

However, there are still many similarities between MEMS and VLS| design methods.
Themultiple levels and views of MEM S components and system used by designers are simi-
lar tothosein VLSI. Different levelsof abstraction areused for analysis spanning FEA/BEM
to lumped element macro-models to functional models. MEM S bears a closer resemblance
to MMIC or analog VLSI design where“custom” layout iscommon. Thereisasimilar need
to meet specifications and optimize layout to satisfy design and process constraints.

In order to provide suitable simulations of function to support MEM S design, appropri-
ate design levels and representations are necessary. In addition, sufficient generality must
be present to support multiple energy domain systems.
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Design Framework

Someideas can be extracted fromthe VL Sl paradigm to form adesign framework for MEMS.
VLS| design evolved into a design hierarchy of different levels, asillustrated in Figure 5.
Highto low levels of abstraction in VLSl include system, register, logic, circuit, device, and
materials. At each level, there existsthree different views: behavioral, structural, and physi-
cal. Thebehaviora view represents how a design works, the structural view represents how
elements are connected together in a design, and the physical view represents how designs
are implemented.

The structure of the VLSI design matrix may be applied with modification to formation
of aMEMS design hierarchy. The concept of behavioral, structural, and physical views as
equally important representations of each hierarchical level can be directly borrowed from
the VLSI domain. Levelsin our vision of aMEMS design hierarchy are somewhat parallel
to those in VLS|, however there are some important differences. Aninitia partitioning of
design levels from the top down includes system, module (sub-system), circuit, device, and
material levels. Thismatrix of MEMS design representations isillustrated in Figure 6 for a
prototypical MEMS system. Pictorial illustrations at each level and view are taken from a
relatively mature MEMS application, atorsional micro-mirror. The micro-mirror example
couples together several energy domains including mechanical, electrical, fluidic, and opti-
cal. The example micro-mirror deviceisamicromechanical plate suspended by two simple
beams and electrostatically deflected by apair of parallel-plate actuators. Individual micro-
mirror devices may beincorporated into larger arrays, and these arrays may be part of alarger
system.

Thesystem level dealswith high-level architecture i ssues such ascomponent placement,
component interaction, upper-level packaging, and data bus routing. Systems could be im-
plemented as a set of discrete parts, as a hybrid package, or as a monolithic microsystem.
This highest level of abstraction in MEMSis not well understood and will be better defined
asindividual MEM S devices and processes mature. A “strawhorse” concept at thislevel is
illustrated in Figure 6. The physical view isadrawing of the packaged system that specifies
the physical placement and size of its congtitutive parts. The structural view specifies the
high-level component interconnections, which includes coupling between multiple energy
domains. Thebehavioral view includes many kinds of microsystem analyses, yet undefined,
dealing with topological, architectural, and specification issues.

The module level deals with sets of components that combine in a sub-system to sat-
isfy an individual function. The specific example in Figure 6 is a micro-mirror array that
provides a display function. The physical view displays the layout between micro-mirror
devices, the structural view identifies the multi-domain interconnect between devices, and
the behavioral view includes system anaysis of the array. The specific needsfor tools at this
level may overlap with the requirements from the system and circuit levels. Unification of
the various energy domains is one target area that could significantly impact usefulness of
MEM S representations at both the module and system level. Such unification would enforce
energy conservation of the behavioral representations, which is of fundamental importance.

The circuit level involves representation of individual sensor and/or actuator compo-
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nents. The physical view is device layout, which could be a2-D, 2.5-D, or 3-D representa
tion. The structural view is envisioned as a multi-domain MEM S schematic, specifying the
connectivity between lumped-parameter MEMS elements. For the torsional micro-mirror
exampl e, the schematic representation specifies the connectivity of several MEM S lumped-
parameter elements. a plate mass which acts as the mirror, two beam springs, and two elec-
trostatic actuators. A schematic view at the circuit level does not presently exist for MEMS.
Such aview may be animportant intermediate representation for MEM S synthesis and anal -
ysistools. The behavioral representation includes multi-energy-domain mixed-signal sim-
ulation in both the time-domain and frequency-domain.

The device level primarily deals with numerical representations of the MEMS device.
The physical view isafull 3-D model of the device. The structural view isadiscretized ver-
sion of the 3-D model, with enough detail to extract the essential dynamic and static modes
of the device. The behaviora view primarily involves numerical simulation, such asfinite-
element and boundary element analysis, with coupling between energy domains. Research
needs include fast numerical analysis of large multi-domain problems. Making numerical
analysis tools “MEMS-friendly” isimportant in order to improve accessibility of this tech-
nology.

Thelowest level inthe hierarchy isthe material level. Thedistinction between the physi-
cal and structural levelsisstill unclear at thislevel. These viewsinclude a3-D process view
of the device showing connection between different materials. The behavioral view deas
with process simulation and modeling. The simulationswould include materials constitutive
relationships at all relevant energy domains, such as predicting strain gradient in amaterial.

Several capabilities are required in the design representation to support movement be-
tween the different viewsand levels of hierarchy. Thislistisnot meant to be comprehensive,
but suggests some of the critical information required in the database which supports the de-
sign hierarchy. Some capabilities required of the design representation include:

e a2-D representation (similar to an electronic schematic or amask layout),
e a3-D representation (perhaps a 3-D solid/geometric model),

e 2-D and 3-D meshes (finite element discretization (for stress, strain, electric charge,
etc.)

e netlist from schematic (the ability to determine function from a schematic),
e netlist from layout (the ability to determine function from alayout),
e materia properties,

e linksto libraries (to indicate which models, model parameters, layout and schematic
cells are used),

e specifications for the system

e layer database (to indicate which layers are possible, permissible order of layers, etc.),
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e design rules (conservative rules for minimum device spacing, €tc.),

e simulation output (field representations and graphs).

3.2.2 Findingsand Recommendations

Finding: Specification. An extensible specification is needed for the design framework,
possibly based on Figure 6.

Recommendation: Explore existing VLS| design/CAD system architecture(s). Develop
an architecture for an integrated CAD environment for MEMS.

Finding: Libraries. Representations, interchange formats and standards must be defined
so that libraries may be exchanged, possibly over the internet between designers. Li-
braries must be built encompassing al levels of the design hierarchy and for al the
views: schematic, layout and behavioral.

Recommendation: Explore existing VLS| design/CAD library structure. Develop an ex-
tensible library format for exchange of MEM S designs.

Finding: Analysisof Multiple Energy Domains. Since MEM Sincorporates multiple en-
ergy domains (and VL SI does not), analysis capabilities are needed to efficiently sm-
ulate function inthese domains, including interactions (e.g., application of stressalters
shape which aters the distribution of static-charge, which alters the stress, etc.).

Recommendation: Develop atheory of multiple energy domain analysis and animplemen-
tation sufficiently efficient to utilize during design.

Finding: Design Tools. There are many tools that can accelerate MEM S design and be uti-
lized in adesign framework.

Recommendations: Initiate research to develop the following:
e Layout verification tools: MEMS specific design rule checkers, component ex-
tractors and layout vs. schematic netlist comparers.
e A hierarchical schematic editor that supports MEM S specific information.

e Faster and coupled multi-domain simulators for device level simulation: in the
short term possibly electrical, mechanical, magnetic, micro fluids and thermal.

e Circuit level simulators possibly based on a SPICE like paradigm.

e Toolsthat can extract model parameters from simulation outputs or physical rep-
resentations.

e Toolsthat build macro-models from simulation results.
e MEMS specific solid modelers.
A tool that helps designers choose among high level design alternatives.
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e Choice of hardware modeling languages: possibly VHDL-A.

Finding: Long-term Goals. In5-10 years, MEMS designers will utilize the highest levels
of the design framework as more complicated system level designs are undertaken.

Recommendations. To support more complicated system-level MEMS design work, the
following elements should be devel oped:

¢ A morecomplete design framework implementation encompassing all viewsand
levels of design hierarchy.

A more complete implementation of the mixed regime and the unified theory of
multi domain analysis and design.

The following tools may be useful at the 10 year time scale as MEMS designs
become more complex:

— A place and route toal,
— Extraction and synthesis tools at al levels of design hierarchy.

A MEMS version of MOSIS.
Optimization to be supported by the design libraries.

Robust design using statistical analysis of process variances.

3.2.3 Summary

Rapid, efficient, accurate, anaysis of many alternatives during the design process is crucia
to developing high-quality, robust devices and systems. Devel oping awidedy-used, extensi-
ble framework for design analysis, perhaps building on the approach used in VLS| analysis
(switch-level smulations, netlist extraction, etc.), will significantly shorten thetime, and re-
duce the cost, of MEMS design.
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3.3 Digital Data I nterchange L anguages
3.3.1 Introduction

Standard digital data interchange representations (e.g., Caltech Intermediate Form (CIF))
have had a beneficia effect on the development of structured design methods for VLS. It
enabled the development of design tools to address issues at al levels of abstraction, and
provided access to technology that was otherwise unavailable to awide community of elec-
tronics designers. The resulting innovations ranged from powerful new digital design tools,
to computer architectures that spawned new corporations. The simplified design tools in
turn made VLSI design accessible to all university students interested in computer science
and electrical engineering. The standard interface to manufacturing produced an economy
of scale that could not be achieved by individual researchers or educators.

Some of thelessonsthat werelearned in VL S| might bebeneficialy appliedtotheMEM S
community. An examination of atypical design and manufacturing flow in mechanical sys-
tems reveals certain similarities in data interfaces between major modules where the VLSI
approach might be emulated. Figure 7 illustrates a typical mechanical system design pro-
cess. However, the mixture of mechanical and electronic components and functions will
require new research to develop the multi-domain, multi-dimensional representations re-
quired.

Five specific areas where research work on standard representations will benefit the de-
velopment of MEMS are;

1. 3-D solid modeling representation;

2. Interfaces between design tools (e.g., between 3-D modeling, analysis, and process
design);

3. Representations for mask-layout, process specification, and metrology;

4. Interfaces between design and fabrication (e.g., between process design tools and fab-
rication);

5. Representation for function (e.g., the MEMS equivalent of digital VLSI's Boolean
logic).
3.3.2 Findingsand Recommendations

Common datarepresentations which arewidely used arecritical torapid innovationinMEMS.

Finding: In MEMS it is important to describe the design in such away as to maintain a
“clean separation” between the design and fabrication processes in order to achieve
the benefits of a structured design methodology. This requires that the designers de-
scribe the desired object in a well-defined language that is easy to learn and that is
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suited to hierarchical descriptions, whilethe fabrication community takes responsibil-
ity for conversion of that description to masks used to build the desired object. Stan-
dard processes, whose capabilities (design rules) are known in the design and fabri-
cation communities, can facilitate this separation.

Recommendation: Research efforts should be focused on design methodol ogies which sup-
port the “clean separation” of design and fabrication. That is, well understood stan-
dard processes with proven design rules should be supported with design hierarchies
and design tool s which encourage the designer to describe the layers of thefinal object
resulting from the fabrication process rather than the mask set.

Finding: 3-D Solid Modeling. Existing 3-D solid modelers currently used for macro-mechanical
system design may not be adequate and appropriate for MEMS.

Recommendation: Identify and adopt astandard for data representation of 3-D solid mod-
elsfor interchange between design tools. [3-years|

Finding: Mask-layout. Two clear areas for extension of currently available mask-layout
software are: an improved capability to define non-polygonal geometry; and a mech-
anism for interaction between the designer and the pattern generation system to pro-
duce an optimal match.

Recommendation: Develop and adopt extensions to CIF or GDSII to accommaodate non-
polygonal geometries in order to provide a more efficient interface with pattern gen-
eration equipment. [3-years)

Finding: Fabrication Process Language. In automated (CNC) mechanica fabrication, a
standard language (G-Codes) is nearly universally used. In semiconductor manufac-
turing, MAPiscommonly used. Anextensible, hierarchical fabrication process speci-
fication isneeded for MEMSS (including flexibility in defining the materials and layers
of the final product) to provide designers and fabricators with acommon language for
communicating manufacturing instructions

Recommendations:

e Develop and adopt a standard for the specification of simple sequences of unit pro-
cesses sufficient for simulation and fabrication of surface machining. [3-years)

e Develop and adopt a standard for the specification of simple sequences of unit pro-
cesses sufficient for simulation and fabrication for detail within unit processes. [5-
years]

Finding: Metrology. It is critical to assure that MEMS fabrication processes have been
properly carried out for a given design. Thiswill aid in debugging a new develop-
ment by determining whether a failure is due to mis-fabrication, or a design error.
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Test structures that are implemented for this purpose will be highly sensitive to pro-
cess variations and are easily measured at the end of the process. In addition, asecond
use of these test structures provide model parameters for designers who may reuse the
same Process steps.

Recommendations:

e |dentify and document existing process monitors of use to the MEM S community and
make available over the WWW. [1-year]

e Deveop verify and make avail abletest structures, procedures and programsto quickly
determine process quality, such as endpoint completionin MEMS processes. Provide
ametric of technical progress in order to have a benchmark to measure improvement
over time. [3-years)

e Work with the industry to agree upon standards for test structures and test method-
ologies for MEMS processes. |dentify opportunities for in-process monitors to more
quickly evaluate the progress of MEMS process steps. [5-years]

e Deveop sufficient understanding of the methodology and materials to predict relia
bility of MEM S components and to provide tools for improving materials technology
for maximum lifetime. [10-years]

Finding: Language for Function. Digital VLSI utilizes Boolean logic to describe func-
tion. The existence of aformal language for function has many advantages, among
them arethe ability to represent and analyze function mathematically. Macro-mechanical
systems, at present, has no single language for function, but instead utilizes many dif-
ferent representations for the many different energy domains. Currently MEMS also
lacks a unified representation of function.

Recommendation: Develop arepresentation for MEM Sfunction, perhaps based on Bond-
Graphs. This representation provides aframework for systems involving several en-
ergy domains. It not only provides a common representation for elements belonging
to different energy domains, it also permits couplings among different domains.

3.3.3 Mask Layout Geometry vs. Desired 3-D Shape

In VLS, currently, the mask describesthefinal desired (2-D) geometry. The fabricatorstake
into account the details of their fabrication process and pre-distort the mask so that once fab-
ricated, the desired shape emerges. This establishes the “clean separation” between design
and fabrication.

In MEMS, currently, the required pre-distortion is geometrically complex (due to the
3-D nature of most MEMS) and generally unknown. Therefore MEM S mask layout geom-
etry is used as the mask directly. The required pre-distortion (compensation, etc.) must be
determined by the MEMS designer, generally over many prototype cycles and with much
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experimentation. Furthermore, this experimentation does not usualy, at present, result in a
generalized understanding that can be applied to different MEM S devices.

Atissueis whether the MEM S designer can be (or should be) insulated from the details
of the fabrication processes. If this is desirable and/or possible, then the geometry that is
communicated to the fabricator should be the desired (3-D) geometry. Conversely, if the
relationship between mask layout geometry and final shapeistoo complex, MEM S designer
must have available accurate fabrication simulations so that the required pre-distortion of the
mask can be determined with the smallest number of fabricated prototypes possible.

Finding: It appears possible to maintain a clean separation between design and fabrication
for some classes of MEMS devices. Establishing this clean separation, where possi-
ble, appears to be the most direct route to achieving the benefits of a structured design
methodology for MEMS.

Recommendation: To broaden these classes and encourage the practice outside these classes,
research efforts should be focused on design methodologies which support the clean
separation of design and fabrication. That is, well understood standard processes with
proven design rules should be supported with design hierarchies and designtoolswhich
encourage the designer to describe the attributes of the final object resulting from the
fabrication process rather than the mask set.

While the challenges in devel oping structured design methods for MEM S that preserve
the*" clean separation” are significant, the benefits of such methodswill grestly enhance MEM S
developments in those areas where the design and fabrication communities can make use of
such methods.

3.34 Summary

Much about the historical development of digital VL SI suggests that acommon interchange
language (CIF) greatly facilitated the rapid advances. While MEM S devel opers commonly
use CIF to describe mask-layout geometry, CIF lacks many elements needed for a complete
datainterchange language. The development of acommon interchange language for MEM S
islikely to play apivotal role in accelerating the advancesin MEMS.
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3.4 Simulation of Fabrication Processes
3.4.1 Introduction

Process simulation is the conversion of two dimensional mask layout geometry and process
information to athree dimensional representation of an output shape for the purposes of vi-
sualization and FEM and other CAD tools. MEM Sresearch currently involves alarge num-
ber of different processes and structures, and thereisaneed for accurate and flexible process
simulators. State of the art MEMS design involves several design cycle iterations; the in-
corporation of process simulators in rapid design for MEM S would reduce the number and
cost of design iterations. Even more than VL SI, the growth of MEM Swill be dependent on
accurate process simulations.

Process Simulation Tools

WhileVLSI processsimulation toolsare available, their generality and applicability toMEM S
process simulation has not been fully explored. Existing VLSI tools have not yet been fully
integrated in MEMS CAD systems. Existing tools can be divided into three broad groups:
inexpensive basic tools, high end commercia systems, and university research/experimental
systems. A study of existing process simulators should be undertaken to evaluate their ap-
plicability to MEMS processes. These should be extended to incorporate second- and third-
order effects (mask undercutting, etc.).

Level of Detail of Simulation

Both VLSI and traditional macro-mechanical design have an established knowledge base
of acceptable engineering approximations for different engineering domains, i.e., rules of

thumb. How detailed spatially and temporally, must aM EM S process simulation be? MEMS
design tools need to be developed that allow the designer to easily specify the level of ap-

proximation of simulation for their designs. Note that different structures within a design

and different energy domains (e.g., thermal vs. mechanical) may have different levels of

detail. Additionally, design techniques need to be developed in the MEM S community that

guide the user in selecting the appropriate level of detail. These techniques may be appli-

cation dependent. Basic design tools are needed in the immediate to short-term future, with

greater flexibility to follow on alonger time scale.

Typeof Simulators

The complexity and cost of process simulations can vary widely. What distinguishes themis
the amount of separation between designer and fabrication process. Novice designers may
have little need or desire to know the details of the fabrication process, while experts may
need extensive knowledge. The type of simulator a user requires depends on whether the
designer is concerned with standardized systems or custom systems. Thusthere may betwo
broad categories in the need for process smulators. an inexpensive basic simulator which
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Figure 8: Simulation of Fabrication.

operates on PC’s, and a high-end complete simulation package which is computationally
intensive.

Figure 8 summarizes one potential approach. The expert designer who is doing custom
or experimental design must be aware of the details of the fabrication. Thus he would need
an expert process simulator. The process definition file (PDF) would then include a large
number of process parameters. A novice designer would prefer acleaner separation between
design and fabrication, and would use a simpler designer process simulator, which would
shield him from most process details. The associated PDF would be much simpler, perhaps
generated by an expert designer to give areasonable, simpler approximation to the process.
In both casesthereisatrade-off between process detail and clean separation. Different users
will have different needs and it is important that the two tracks be maintained. The results
of the process simulators are evaluated using 3-dimensiona visualization tools and/or FEA
tools. The designer may have to run the process simulator, examine the results, and modify
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his design a number of times in order to achieve an acceptable solution. |f no acceptable
solution is found by standardized systems, a custom or expert process may be needed.

Process Definition File

The process simulator constructs the 3-dimensional representation of a shape using a num-
ber of inputs. Theseinputsinclude the mask dataand the PDF (process definition file) which
contains a sequence of process steps that represent the fabrication process. The PDF must
reference both layer information contained in the mask file and simulation code modulesin
the process simulator. Note that the PDF's for expert/custom process designers will have
a much higher degree of detail and information than will PDF's for standardized process
designers. The high level of detail in the expert/custom simulators will be used to design
the process itself, and may contain proprietary information. Standardized PDF swill be an
approximation designed to capture the essential result of the process, while separating the
designer from the fabrication. Standardized PDF's may be created by the fabricator from a
detailed knowledge of the process, or by the designer based on test fabrication and measure-
ment. PDF's should be extensible since new processes will continue to be developed and a
process which is custom today may become standardized next year. Specific investigations
need to be carried out on the format of the PDF as well as methods to ensure a smooth in-
terface between ssmulator modules and PDF's.

Continuous Time Sequence Evolutions

Compared to VLS|, MEM S has a greater need for 3-dimensional partia etch time snapshots
and animation. This greater need is due in part to 3-dimensional etching (lateral/underetch
and vertical etching). While there are many different MEM S fabrication techniques (sur-
face, bulk, LIGA, deposition) their visualizations needs should be attainable by one set of
tools. Some MEM S shapes change non-linearly intime, that istheinteresting shape changes
can occur in short periods of time: e.g., compensating structures, intersecting shapes. Time
evolution tools need to be developed and distributed to the MEM S community which will
help answer the questions. When is the shape defined? What time portion is most critical to
the definition of the shape?

Process Variability

No processisideal and variation or noise will always exist. For example the etching process
may depend critically on such factors astemperature, pressure, concentration and timing, all
of which may have dight variations. Who has the burden of keeping track of process noise?
The answer depends on the application: novice designers with standard processes will want
to be shielded, while expert designers will want the full capability to simulate process vari-
aion. InVLSI, thedesign rules are conservative, so the user haslittle noise burden. MEMS
may be closer to analog e ectronics where some burden remains with designers. What types
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of statistical tools are needed to model process variations? How is robust design to be in-
corporated into the process smulation, i.e., how do we develop designs that are insensitive
to process variations? For example in micro-electronics, an analog differential pair is de-
signed so that the pair is relatively insensitive to process variations. How do we design
“self-correcting” MEMS devices or “mechanical differential pairs’, that is mechanical de-
vicesthat areinsensitive to processvariations. VLS| designers aretrained to design robustly,
M EM S needs the same design experience and techniques and such approaches should be ex-
plored.

Metrics and Performance Criteria

In order to evaluate the suitability of process simulators, it isnecessary to measure the differ-
ence between the actual fabricated shape and the predicted shape. Thiswill give ameasure
or metric of thefidelity of the ssimulator. What are the performance criteria, by which process
simulators arejudged? Standardized benchmarks or test suites should be devel oped that pro-
vide ameans of evaluating simulator performance. Process simulators would then include a
summary of benchmark results, these would be arecord of past performance, not aguarantee
or warranty of future performance. Thisisso because the performance criteriafor smulators
and the suitability of simulators will be application dependent. Thus the benchmarks should
cover awide range of application so that users may select the benchmark which best reflects
their application. A set of benchmarks for MEM S process simulators should be devel oped.

3.4.2 Findingsand Recommendations

Finding: Process Simulation Tools. Existing VLS| fabrication process s mulation toolshave
been developed for electronic device fabrication, and may be appropriate for micro-
mechanical structures.

Recommendations:

e Survey and formal study of state of the art of process simulators,
evauate existing VLS| and MEM S simulators,
determine level to which existing tools can be utilized, [2-years]

e |ncorporate versatile process simulators in MEMS,
move from 1st order effects to 2nd and 3rd order effects,
expand availability of tools to broad range of users, [5-years]

e Simulation engines are fully modularized,
manufacturers provide plug-in virtual process modules. [10-years]

Finding: Type of Simulators. Different designers (and the design of different devices) will
likely require different levels of interaction between design and fabrication.
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Recommendation: Develop simulators of the fabrication process that permit (if necessary)
the designer to adapt the design to the particular fabrication process, but aso permit
the designer to ignore the details of the fabrication process where possible.

Finding: Process Definition File. An extensible standard format for a PDF (process defi-
nition file) containing asequence of process stepsfor the fabrication processisneeded.

Recommendation: Initiate development of an extensible standard PDF format.

Finding: Continuous Time Sequence Evolutions. Simulation of MEM S fabrication will
reguire continuous time sequence evolutions, rather than a single end-resullt.

Recommendation: Continuous time simulations need to be devel oped to help devel op suc-
cessful, robust, processes.

Finding: Process Variability. Process variability will alwaysintroduce variations and un-
certainty into the manufacturing process.

Recommendation: Develop design and manufacturing processes that reduce sensitivity to
these variations. Develop approaches to designing “self-correcting”, robust, MEMS
devices.

Finding: Metricsand Performance Criteria. Accuracy of process simulators is difficult
to establish, and may vary with process or device design.

Recommendation: Develop standardized benchmarks or test suites to provide a means of
evaluating simulator performance.

343 Summary

Thereisacontinuum of MEM S designers, which will require arange of process simulation
tools. Thetwo extremes of process simulations types are the library-based designs utilizing
standardized foundry processes and the custom processes that involve the concurrent de-
velopment of both the design and the process. We believe that a clean separation between
design and fabrication can be attained in the first case, while clean separation is neither de-
sirable nor attainable in the second case. The standardized processes lead to time and cost
effective designs by taking advantage of economies of scale. The custom processes develop
new processes, and custom processes of today are the standardized processes of tomorrow.

We recommend that the development of process simulation tools to support both tracks
of designers be pursued. We fed that these tools will be an enabling technology in the real-
ization of the full potential of MEMS.
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3.5 Infrastructure

Finding: Teaching. One of the major recommendations of the 1994 NSF New Paradigms
for Manufacturing workshop [1] wasto create anational infrastructure for design and
manufacturing of mechanical and electro-mechanical systems. In particular, it empha-
sized the creation of atechnical community which will communicate and share design
tools, fabrication processes, educational materials and technical expertise. Develop-
ment of such infrastructure played a crucia role for the success of VLSI revolution.
Theideaof multiproject chips, the development of silicon brokerage service like MO-
SIS and the availability of public domain VLS| design tools linked to the fabrication
facility provided afertile ground for the university researchers and graduate students
to conduct new experiments on computer architectures and contribute to the devel-
opment of fundamental research on structured design methodology. The rapid spread
of so-caled “VLSI culture’ was also enhanced by the introduction of VLSI design
classes for faculty members, often conducted with NSF sponsorship, who brought the
VLSI revolution in the classroom and into the curricula

Recommendation: Drawing from the VLS| experience, this workshop recommends the
creation of anational infrastructure for design and manufacture of MEMS. In particu-
lar, we recommend the creation of a set of standard MEM S processes in surface, bulk
and LIGA micromachining, creation of aMEMSIS- aMEM Simplementation service
and development of courses and curriculum materials for MEM S design and fabrica-
tion. Aspart of thiseffort, we also recommend that courses be created specifically for
faculty members and an annual Workshop with participation of industry and academia
to stimulate future research and facilitate curriculum development in MEMS area.
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4 Workshop Participant Position Papers

The following position papers were submitted prior to the Workshop by each participant.
Each participant then had the opportunity to revise his or her position paper after the work-
shop, to be included in this report.
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4.1 Structured Design Methodsfor MEM S

Prof. Erik K. Antonsson, Ph.D., PE.
Engineering Design Research Laboratory
Division of Engineering and Applied Science
Cdlifornia Institute of Technology
Pasadena, CA 91125
eri k@lesi gn. cal tech. edu

While considerable progress has been madeinthe areas of etch ssimulation[4, 6, 7, 8, 18],
finite element analysis [3, 5, 11, 14, 16, 17, 22], corner compensation [1, 13, 15], and de-
sign [10, 19, 20, 21] the fabrication of MEM S has been made without the benefit of design
automation techniques. In contrast, the design of VLSI systems has become highly formal-
ized and automated. One of the goals of Mead and Conway’s early work in the VLS| area
wasto permit “ordinary engineers’ to perform design [12]. Prior to their work, VLSI design
was the exclusive domain of highly trained and experienced specialists. Other engineering
domains (e.g., MEMS design) have not had the benefit of the same level of formalism and
automation in design, and engineering design in these areas remains the province of highly
trained and experienced specialists.?

Work recently begunin several research groups (including our own) aimsto permit rapid,
accurate, conservative mask-layout synthesis of MEMS in away analogous to present-day
VLSI design. The long-range objective isto enable aMEMS designer to specify adesired
micro-mechanical function (e.g., a mechanical spring with particular characteristics), and
have a system automatically generate the information (mask-layout, and other fabrication
instructions) to create the shape that exhibits the desired function. This approach will mean
that MEM Sdesigners will be able to concentrate on the desired function of the device, rather
than the details of its physical manifestation.

Thusthe god is:

e To develop aMEMS mask-layout synthesis methodology
that will automatically create a mask-layout
for agiven desired fina 3-D shape.

Attaining this god will, however, be difficult. Mechanical systems are more complex
than digital VLSI: thereis no (single) language to describe mechanical function; the geom-
etry of mechanical systemsistypically complex (non-Manhattan); the number of primitive
mechanical elementsis large; there is no separation between function and form (the case of
amechanica transmission, for example, supports the bearings; contains the lubricant; pro-
vides the mounting; provides cooling; etc.). However, for suitably constrained mechanical
domains (perhaps 2.5D multi-layer surface micromachining) some progress may be made.

2Here the term “formal” is used to mean computable, in the sense that a design process can be automated.
There are many methods that arein daily use in mechanical engineering design, but are insufficiently formal to
permit automation of the design process. “Systematized” isacommonly used synonym to “formal” asthe term
isused here.
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Figure 4.1.1: Simulation vs. Synthesis, Design vs. Analysis

It isimportant to observe that while design automation for digital VLSI has achieved con-
siderable success, thisis not the same a general electrical or eectronic design. Many areas
of analog or microwave (etc.) electronics design remains largely unautomated. Similarly,
structured mechanical design methodswill most certainly be developed for constrained (per-
haps narrow) systems and applications.

The primary method for creating a MEMS mask-layout today is trial-and-error, guided
by experience. Consequently, many iterations, and hence many prototypes, aretypically re-
quired to develop a mask-layout that results in the desired shape and desired function. As
Brysek, Petersen, and McCulley recently observed (1994):

“In-depth knowledge of the [fabrication] process is needed because in micro-
machining ‘what you see’ is often NOT ‘what you get’.” [2, Page 25]

Anillustration of this point is shown in Figure 4.1.2. This will be particularly true for fu-
ture MEMS systems which will involve many degrees of freedom and/or complicated 3-
dimensiona shapes.

Because of the geometric complexity of surface fabricated MEMS devices, the present
MEM S design procedure can be characterized as amask-to-shape-to-function process. Even
though the designer may start with afunction and shape in mind, the complexity of the fabri-
cation process forces the design cycle to iterate around the mask-to-shape-to-function eval-
uation process, as shown by the bottom arrows in Figure 4.1.1. However, the desired ap-
proach is exactly the reverse: function-to-shape-to-mask. That is, the designer conceives of
a MEMS function, then through an automated (but perhaps iterative) process determines a
shape that will exhibit the desired function, as shown by the top arrowsin Figure 4.1.1. For
example, the designer can devel op atentative shape, and then use FEA methodstoiteratively
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refine the shape until it exhibits the desired characteristics. Next, using an automated (but
again perhaps iterative) process, the shape description is used to determine a mask-layout
and a set of fabrication instructions that will create the desired shape, or the best possible
approximation to that shape. In the case that the desired shape can not be fabricated, the de-
signer may again need to use FEA tools to evaluate the suitability of the best approximate
shape. For this reason, a standard communication format for the transfer of information be-
tween different levels of MEM S design is proposed.

Current FEA (and related MEM S CAD) approaches should be augmented to include the
complexities of typical MEM S fabrication processes into the design cycle. Current MEMS
FEA methods focus on the relationship between function and (3-D) shape. Additionally the
relationship between (3-D) shape and mask-layout should be further formalized.

To develop forma and computable methods for the “ shape-to-mask” process, a more
exact computational model of the MEM Sfabrication processis required. Such models will
form the basis for the forward or simulation problem. That is, the solution to the forward
problem determineswhat shape results from agiven mask and agiven etching process. More
importantly, the model for the forward process is necessarily the basis for the inverse or
mask-layout synthesis problem-i.e., determine the mask shapethat yieldsadesired processed
shape for a given etchant. One result that can commonly occur, is that no such mask shape
exigts. In this case, a shape approximation metric will need to be applied to determine the
closest shape (or perhaps the closest function).

A closely related problem isthat of the optimally “robust” shape. Evenif adesired shape
can be produced by an idealized fabrication process, deviations in the processed shape from
the desired shape will occur dueto process variations, small errorsin mask alignment, errors
in etch rate diagram data, non-ideal effects, and finite mask resolution. One might alterna-
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tively define a robustness metric or a sensitivity metric for ashape. That is, how likely it is
that the desired shape will be obtained (or obtained within an acceptable tolerance), assum-
ing an expected range of processing errors? Analogously, how sensitive is a given shape to
processing variations? Such metrics are useful for many applications. In the case that more
than one mask shape will lead to the same processed shape under ideal conditions, the ro-
bustness metric could be used to select the most robust mask shape. The robustness metric
can also be used to compare the output of different design procedures. Robust metrics may
aso be the basis for procedures that estimate process yields.

Asthe complexity of MEM S grows, the need for design automation will also grow. De-
sign automation for MEM S represents a significant opportunity to build on the pioneering
work in MEM Sfabrication, modeling and analysis, along with the established work in VLSI
design automation. The added complexity of 2- and 3-D mechanical devicesintroduce new
challenges and will require considerable extensions beyond the VL SI domain. However, the
inherent limitations (limited number of materials, limited shapes and sizes, limited forces,
etc.) hold the promise for producing more tangible design automation results than have been
obtained in the macro-mechanical domain.
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Summary

We believe that a software design system can now be envisioned for MEMS that will be
able to take a set of desired performance requirements as input and accomplish the follow-
ing tasks: choice of the optimal technology; selection and optimization of mechanical and
electronic components from which the system will be composed; and determination of ap-
propriate couplings among the components, including the degree of monolithic integration
and packaging. The output will be aset of mask descriptions and an optimized process flow.
Such a software system will require structured design methods, although these will, by the
nature of the design problem, be largely distinct from the methods used in VLSI design.

1. Statement of the Problem

The study of microelectromechanical systems (MEMYS) isarapidly growing areaof research
with alarge potential to accomplish useful tasks in numerous applications, such as the fol-
lowing: microsensors, microactuators, micro-accelerometers, microphones, cellular phones,
and microel ectromechanical filters. MEM S elements that have appeared to-date include ro-
tary motors, linear motors and resonators, springs, gears, grippers, diaphragms, and arrays
of mirrorsfor display technology. All of these elements and systems have mechanical struc-
tures on asize scale of afew to afew hundred microns. MEMS s a quintessential interdis-
ciplinary field of electronics, bringing together studiesin mechanical engineering, electrica
engineering, electronics, fluid mechanics, optics, chemistry, and chemical engineering, with
application areas across the entire spectrum of national and commercia enterprises. Partly
because of itsinfancy, and partly becauseit involves such alarge number of disciplines, there
isnot yet a developed science of design for MEMS. Teams of interdisciplinary researchers
are needed with acommon interest in establishing the required science and engineering for
MEM S design, which we see as consisting of design synthesis and process planning. Anim-
portant goal isthe establishment of aset of methodol ogies for the design of MEM Sthat starts
from a specification of desired function and leads to an optimized fabrication of a MEMS
system.
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2. Envisioned System

The system we envision will be able to choose the optimal technology, select and optimize
mechanical and electrical components from which the system will be composed, and deter-
mine appropriate couplings among the components, including the degree of monalithic in-
tegration and packaging. Theinput to the design system will be aset of desired performance
specifications, and the output will be aset of mask descriptions and a semiconductor-process
flow. To attain the goal of a function-driven MEMS design system, there will of necessity
be aneed to develop parallel codes.

3. Library of Elements

A library of parameterized MEM S elements and functional building blocks will need to be
established, including the interesting case of compliant mechanisms.

One existing approach to the construction of elements of a library of MEMS devices
is that taken by CAEMEMS (Computer-Aided Engineering of MEMS). CAEMEMSisa
framework for the design of MEMS that provides a high-level, Motif-based graphical user
interface for the specification of specific instances of parameterized MEM S devices, gener-
ation of inputsto afinite- element analysis (FEA) system, launching of FEA runs on a seria
workstation, retrieval of FEA results, stripping of results and storage in the database inter-
nal to CAEMEMS, capabilities for single-run analysis, multiple-run analysis, and sensitivity
analysis, aswell as plotting of families of line graphs of use for the designer.

Thelibrary of MEM S elements and blocks may take various forms, ranging from ssimple,
e.g., the geometric and material's specifications of a ssmple beam element, to complex, e.g.,
atensor spline model of a parameterized el ectrostatic motor, including possible couplingsto
other functional blocks. It may develop that the library will consist mainly of software that
can construct models of elements and blocks, rather than ssimply consisting of the models of
the elements themselves.

4. Compliant MEM S

Sincethe elements of thetraditional mechanical repertoire consisting of rigid linksand joints,
fail to meet atypica requirements of micro-regime such as (i) eliminating the need for as-
sembly, (ii) restricting the entire machine systems to just one or two layers in a plane, (iii)
aleviating the adverse effects of friction, and (iv) accommodating unconventional actua-
tion techniques including thermal, piezo-electric, etc. Fully compliant mechanisms, a cer-
tain kind of generalized flexible structures, readily meet all of these requirements.
Compliant mechanisms are single-piece flexible structures that deliver the desired mo-
tion by undergoing elastic deformation. Thisisin contrast to the rigid-body motions of con-
ventional mechanisms. It will be important to develop mathematical formulations for op-
timal design of compliant micromechanisms. One of the computational procedures used
in solving the synthesis problems is based on the homogenization method. This method,
based on cellular microstructure, has the ability to generate any topology, shape, and size
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that are optimal for given problem specifications, which are applied forces, desired output
displacements, and the amount of material to be distributed in a prescribed design domain.
The output of this method is a density image in gray scale that indicates the optimal mate-
rial distribution within the design domain. The homogenized image is directly transformed
into manufacturable form. Structured methods are needed for the application of the homog-
enization method in the MEM S domain.

5. Process Synthesis

Animportant part of the proposed research involves the determination of process sequences
for the fabrication of desired MEMS devices. Thisactivity will beled by Prof. Carlos Mas-
trangelo. The design of fabrication processes for micromechanical and microelectronic de-
vices requires a working knowledge of semiconductor thin film processing, along with a
knowledge of materials and processes and agreat deal of ingenuity. Somecommercia VLS|
processes require as many as 500-700 process steps, and a comparable degree of fabrication
complexity occursin thefabrication of three-dimensional micromechanical structures using
planar processes.

In the micromechanics area, programs such as MEMCAD and IntelliFab give accurate
representations of the finished micromechanical devices. These simulation tools take a de-
scription of the fabrication process flow and a mask set of a device as inputs and generate
simulated profiles of thefinished device asoutputs. These design tools are undoubtedly use-
ful aids to the designer that allow him to correct potentialy expensive mistakes before fab-
rication begins. Nevertheless, these tools are aimed at design verification, and they require
the input of, or assume, a known fabrication sequence, typically developed by experienced
designers, hence the process flow is very much subject to their ingenuity and knowledge
background. A more useful tool for the future a geometrical description of the device as
input and provides, as output, a fabrication process flow. Such a program will speed up the
development of microdevices by removing the knowledge background requirement from the
human designer. The program will have the added advantage that it can be coupled to ex-
isting ssimulation tools to provide accurate information about the finished device in a true
rapid concept-to-manufacturing design-synthesis fashion. Such programs must select the
microdevice materials and fabrication sequence, as well as determine the feasibility of the
decomposition of the given structure into layers. Furthermore, such programs will be useful
in the design of robust fabrication processes, estimation of yields and manufacturing varia-
tions, aswell as automated design centering. It is possible that such tools may create fabri-
cation sequences that could not be conceived by the limited scope of human designers.

6. Parallel Computation

Of necessity, extensive use will be made of paralel computation, and many aspects of the
parallelization of relevant software for MEMS design will be important.
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7. Scientific Aspects

The development of a structured design methodology for MEMS, taken in the broad sense
presented in this position paper, will require and enable an important set of areas of scientific
research; including the design of computational experiments for response-surface genera-
tion over extended, possibly highly non-linear domains, methods for efficient and effective
man/machine interaction; and algorithms and communication strategies involving highly
paralel computation. One particular area that we wish to bring out here is the need for a
unified theory of transduction that is coupled to design, and we close with two paragraphs
on this important emerging area.

7.1Unified Theory of Transduction A unified theory of transduction has begun to emerge
from the research of Middlehoek, Ylilammi, van Duyn, Kirschner, and others. This theory
identifies a set of signal domains (e.g., electrical, radiant, mechanical, thermal, chemical,
and magnetic) each of which is characterized by its own set of variables, equilibrium con-
stitutive equations, and non-equilibrium constitutive equation (e.g., therelation between flux
of charge carriers and the gradient of electric potential is Ohm’slaw, which characterizes an
energy dissipative process). There is unity in the theory because, under an assumption of
local equilibrium, there exist relations among the variables across the signal domains, such
as Gibbs relations, equations of state, and a balance equation for entropy.

The unified, irreversible thermodynamic theory of transduction can be generalized from
a design perspective to enable the initial abstraction of a desired transduction function to
its generic thermodynamic basis. From this abstraction various methods can be applied to
enumerate and select adevice or system realization of the transduction function. Implemen-
tation of the function, that is, the specification of the exact process steps and masks required,
isthefina step in thisvirtua prototyping procedure. We believe that software can now be
developed to implement each step.
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One important trend in microel ectromechanical systems (MEMS) istoward monolithic
systemswhere micromechanical devicesareintegrated with digital 1/0O, self-test, auto-calibration,
digital compensation, and other signal processing functions. There isagrowing demand in
the MEM S community for rapid micromechanical design and analysis of complex systems
involving multiple physical domains, including mechanical, electrostatic, magnetic, ther-
mal, fluidic, and optical domains.

Pieces of the approach taken in VLSI design may be useful in developing structured
design methods for MEMS. CAD for VLSI spans many levels of abstraction from mate-
rias, device, circuit, logic, register, to system level. At each of these levels, adesign can be
viewed in physical, structural (schematic), or behavioral form. A similar design hierarchy
for MEMSisfeasible and sorely needed. Analogous hierarchical levelsup totheVLSI ‘cir-
cuit’ level are easily made; higher levels of abstraction may evolvefor MEM Sthat are differ-
ent from the VLSI paradigm. A first task in development of structured MEM S design tools
is the formation of standard data representations and standard cell libraries. An enormous
effort is necessary to identify and to model reusable MEMS processes, elements, devices,
and architectures. MEM S CAD tools must be integrated, with appropriate links available to
the designer to switch between different lateral views and hierarchical levels.

Aninitial wish-list inthe MEMS CAD toolset includes:

e standard MEM S data representations and interchange formats

e standard MEMS cdll libraries supporting behavioral, schematic, and physical views
a al levels of abstraction (e.g., materials database, layout cells, schematic element
library, and a system macro-model library)

e standard MEMS process-module libraries and standard process flows
e process simulation and visualization

e process synthesis and technology file extraction

e 3D rendering and animation

e 3D generation from layout and technology files

e layout of arbitrarily shaped objects with design rule checking
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e layout synthesis and verification

e fast modeling and verification tools; coupled multi-domain, numerical analysis (e.g.,
finite-element method, boundary-element method)

e paraditic extraction to schematic and behaviora views
e macro-model parameter extraction from physical and schematic views

e multi-domain schematic capture (i.e., schematic view showing connectivity between
mechanical, electromechanical, thermal, and circuit lumped-parameter elements)

e mixed-signal multi-level multi-domain simulation

Current MEMS CAD Tools

Severa groups have existing research programs to address the deficiency in MEMS design
tools. Examples from the U.S.A. include MEMCAD (M.I.T.) [1] and CAEMEMS (Univ.
of Michigan) [2]; examples from Europe include CAPSIM (Catholic Univ. of Leuven, Bel-
gium) [3], SENSOR (Fraunhofer Institute, Germany) [4], and SESES (ETH, Zurich) [5].
These tools involve general numerical analysis of layout and generation of macro-models
for simulation. MEMCAD has evolved into aMEMS modeling framework with rapid self-
consistent electromechanical 3D numerical simulation. Recent advances have been made
in simplifying the input and visualization of 3D models of micromechanical structures from
layout using the MEMBUILDER tool [6]. CAEMEMS s aframework in which the users
chooses among modules that address specific design domains. CAEMEMS automatically
generates aset of parameterized response surfaces by launching multiple finite-element anal -
yses. IntelliCAD [7] available from IntelliSense Corp. is a commercial MEMS CAD tool
with automated 3D modeling from layout and process integrated with numerical analysis.
Other commercial tools by Tanner Research [8] cater to the MEMS community by allow-
ing layout of non-Manhattan geometry and supplying MEMS technology files with design
rule checking. These tools are definite improvements over use of Magic or KIC for lay-
out and stand-alone numerical analysis tools (e.g., ABAQUS, ANSYS, Maxwell). More
effort must be poured into fast multi-domain numerical analysis tools specifically tailored
for MEMS design. MEM S process simulation and synthesis tools are needed and are being
developed [9], but adiscussion is outside the scope of this summary.

Current MEM S Design Practices

Current MEM S design practices focus on physical device and process development. A sim-
plified design methodology is shown in Figure 4.3.1. Design concepts areimplemented in a
manual layout. The performance isthen analyzed using numerical analysistools, usualy re-
sulting in iterations on both the layout and the underlying process. The present state-of-the-
artin MEMS CAD relies on device-level extraction of macro-modelsin alimited set of en-
ergy domains for behavioral simulation. Current commercial design tools cannot deal with
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the complex multi-domain architectures that will be necessary to create the next-generation
of commercial MEMS. Much future work should focus on creating very fast multi-domain
numerical simulation tools to ease both process development and device macro-modeling.
However, these numerical tools by themselves may not be practical for rapid iterative design
since the physical layout (and perhaps the process) must be changed for each iteration with-
out necessarily knowing what to change to best to improve the device performance. Cur-
rently, aself-consistent electromechanical analysis of asimple device requires many person-
hours to create the 3-D geometry and perform anumerical analysis. The manual design cy-
clein MEMS has not decreased significantly over the past few years since knowledge from
previous devel opment efforts cannot be easily reused by future developers.

MEM S Process Services

MEMS covers a broad, evolving spectrum of fabrication processes. Thisfact makesit very
difficult to foresee the ultimate MEM S CAD framework. Our initial efforts at Carnegie Mél-
lon have focussed on design tools for surface-micromachined MEMS, such as polysilicon
MEMShbuiltin MCNC'sMUM Ps process [10], and |aminated oxide/aluminum MEM Sbuilt
using MOSI Sfollowed by an in-house dry-etch release step [11]. There are asevera impor-
tant benefits of making microstructures with stable foundry services such as MUMPs and
MOSIS:

e sensor fabrication isfast and reliable,

e al, or mogt, fabrication steps are done externaly, so research resources can be in-
vested in design, not standard processing,
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e the process is repeatable, so circuit and microstructure designs can be re-used,
e devices improve as the process technology improves (e.g., scaling), and
e prototypes can be reproduced at any time.

Because of their planar ‘2 1/2-D’ topology, surface micromechanics isa MEMS tech-
nology which lends itself to abstraction in conventional schematic capture tools. Once a
working structured design methodology is established for surface-micromachined MEMS,
the techniques may be extended to other processes, such as bulk-machined Si or adissolved-
wafer process. The long-term goal is to enable rapid, intuitive exploration and anaysis of
the design space for complex MEMS.

Schematic Design and Synthesisof MEM S

At Carnegie Méellon, we are developing tools and model libraries to support schematic de-
sign and synthesis of MEMS, as shown in Figure 4.3.2. Physical and behavioral views of
MEMS are currently used by designers, while schematic views have been neglected. The
schematic provides acritical link between the physical and behavioral views. The designer
is freed from doing detailed layout and 3D numerical simulation in the initial iterative de-
sign phase and can explore different design concepts quickly. Inthe MEM S schematic view,
micromechanica devices are designed by assembling iconic representations of microelec-
tromechanical lumped-parameter elements. Reusable elements, such as beam springs, plate
masses, electrostatic actuators, and capacitive sensors, are backed by models of varying so-
phistication. Detailed models with second-order effects are used in simulations while sim-
ple first-order models are used in automatic optimal component sizing. The designer has
freedom to experiment with new micromechanical architectures and then size el ements ap-
propriately. Thekey point isthat new devices can be designed and high-level macro-models
extracted without layout in the iterative design loop.

Efficient simulation iscritical to theiterative design process. Mixed-signal mixed-domain
simulation toolswill be needed for the schematic design methodology. Many groups are a-
ready exploring behavioral MEMS simulation using device macro-models extracted from
numerical analysis. Schematic design provides an accelerated method for generating higher-
level macro-models, since they are constructed from schematic information and pre-made
lumped-element models. Efficient 3D numerical analysisiscritically important for generat-
ing lumped-element macro-models and for verification of final designs. | will re-emphasize
that efforts must be madeto link MEMS CAD tools together, including process smulation,
numerical analysis, 3D rendering, layout, schematic design, and system simulation.
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The heart of the VLSI design methodology, which has been so successful in the past
two decades, is the clean separation between the designer and the fabricator. Carver Mead
describes the critical choice of an interface to the fabrication community which would per-
mit designers to focus on design and design methodology while not following (or trying to
control) the details of the fabrication process.

“The choice of the interface was made to coincide with the most generic defini-
tion of wafer fabrication: Thefinal physical wafer would be built up of layers,
applied one after the other. Each layer had a 2-dimensional definition. The de-
sign rules could be specified by simple geometric relations among the various
layers. We specified the result of the operation on the wafer rather than how
the result was to be obtained, thus leaving the processing detail to the particular
fabricator.”

The present practicein MEM Sisfor the designer to specify and send the mask set to the
fabricator. The designer is necessarily involved in the details of the processing so that the
mask set design will compensate for any and all divergences between the mask of alayer and
the physical structure that is generated by that mask/process combination. A series of itera-
tions enables the designer to bring the masks and the process in line to give the appropriate
structures. Thus each mask set is good only for the specific fabricator since adjustments for
process idiosyncrasies may not be appropriate for other vendors. If the designer describes
the result he is seeking, the fabricators will order masks which make these adjustments and
the design documents specifying the resulting object can be given to avariety of vendors for
implementation, if desired. All will use different masks but deliver identical products.

It is hard to overstate the importance of this simple change (from describing the mask
to describing the object) in the designer/fabricator interface in that it permits and encour-
ages the desired clean separation. The clean separation results in and from fabricators iden-
tifying a set of standard processes for which they have detailed knowledge of the trims and
adjustments needed in masking. It tends to defocus the designer from the process details
to design concepts, design libraries, and design creativity where he can make his optimum
contribution. Before VLS|, semiconductor designers did not observe this separation and the
result was a highly fragmented design community where the best designs were the result
of intense communication between the designer and the in-house model shop which built
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his parts. When the clean separation wasin place, third party vendors were able to serve the
design community effectively and design rules defined what could be done within the frame-
work of available standard processes. These standard processes were updated and optimized
by the fabricators to reflect progress in the process and equipment technologies and to keep
them competitive within the fabrication community (independent of design community in-
volvement). The basis of the clean separation is the existence and use of standard processes
known to bath the design and fabrication communities. Thisemphasizes theimportance, for
MEMS, of moving in the direction of standard processes whereit isat all possible.
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Micro-electro-mechanical Systems (MEMYS) is an emerging technology with great po-
tential. Commonly known as micro machines, MEMS refers to mechanisms and circuits
manufactured with feature sizes of several microns, alowing for large volume production
and low unit cost.

Although the fabrication methodsfor MEM Sare derived fromthe VL SI (very large scale
integration) microelectronics industry, MEMS is an interdisciplinary field combining elec-
trical engineering, mechanical engineering, materials science, physics and chemistry.

As MEMS moves from individua devices to systems with many interacting compo-
nents, mechanical design will increase in importance. Macro or “real world” machine de-
sign has developed a large body of expertise in synthesising complex mechanisms. These
methods and formalisms are essentia tools in the growth of MEMS.

This position paper will examine VLS| and MEMS, VLSI vs. MEMS,; that is both the
similarities and the differences between the two.

There are many lessons to be learned from VLS that are applicable to MEMS. VLSl is
perhaps the most highly developed form of structured design. A designer is able to specify
ahigh level description of adevice without having to know the details of the fabrication. In
fact this clean separation of design and fabrication means that adesigner would prefer not to
know the details of the fabrication process. The structured and separated design methodol-
ogy of VLSI led to revolutionary reductions in design and prototyping costs. Can asimilar
advance be madein thefield of MEMS, especially given that MEM Sfabrication technology
is derived from VL SI techniques? The question is particularly relevant since unlike VLSI,
some macro mechanical research such as concurrent engineering seeks to remove the sepa-
ration between design and fabrication.

There are specific differences between VLS| and MEM Sthat will require modifications
to VLSI design methodologies for usein MEMS design. VLSI design is based on a set of
conservative design rules, so that the designer can be confident that the process variations
will not significantly alter the performance of fabricated devices. Designers sacrifice perfor-
mance for design methodology. MEM S fabrication technologies are developed from VLS
fabrication technology, but they tend to “push the envelope” in order to produce desired me-
chanical properties. Thusthere may beasmaller performance margin available for sacrifice.
The morecritically the operation depends on preci se process specification, the less clean the
separation between design and fabrication.

MEMS has traditionally been compared to digital VLSI (in this paper the term VLSI
is used to mean digital VLSI), perhaps a closer match isanalog VLS. Like analog VLS,
MEM Shas* piggy-backed” on VLSl technology. Analog VLS| design dependson adetailed
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knowledge of fabrication technology and there isamuch less of a separation between design
and fabrication. Asinanalog VLS| design, MEM S design sometimes involves breaking the
VLSI designrules. Anaog VLSl and MEM Srely much more on custom devices rather than
the standard libraries of digital VLSI.

VLS| geometry tendsto be Manhattan (rectangular). The macro mechanical world, shapes
are inherently curvilinear, a multitude of shapes are needed. Rectangular shapes and sharp
corners are usually avoided, if only to reduce stress concentrations. For macro mechani-
cal devices form is intricately linked to function. The shape of a mechanism, (a cam for
example) criticaly effects not only its efficiency, but its function itself. This stronger link
will lessen the possible separation between design and fabrication. Related to form is the
three dimensional nature of mechanical devices. The function of a mechanical device also
depends on its three dimensional orientation and the orientation of its neighbors. The con-
nections between devices isthree dimensional, compared to the scalar behavior of electrical
current. Thus the three dimensional routing of power (fluid, thermal, mechanical, and elec-
trical) needs to be considered.

VLS| devices can be manufactured from arelatively small set of primitives, asmall li-
brary can be quite rich in content. Macro mechanical devices have a much larger set of
required primitives; the minimum size of library for rich content may be quite large. The
move from custom designs to standardized libraries may be delayed by incomplete libraries.
MEMS devices which have large numbers of devices tend to be arrays of identical arrays,
i.e., mirror arrays. This approach is closer to VLS| with its memory arrays, than to macro
mechanical systems where many different devices are interconnected in one system. There
may be two causes: small libraries and difficulty interconnecting different parts.

In summary, MEMS is often seen as bridging the gap between VLS| and macro me-
chanics. It offers an opportunity to apply VLS| structured design methods to mechanical
systems. However, it isimportant to stop considering MEMSS as peripherals to electronics.
Their fundamental mechanical nature will necessitate a reformulation of existing VLSI de-
sign methodologies. VL SI CAD tools cannot simply berepackaged and used for MEMSS, the
experience of the macro mechanical research community should be incorporated. Having
said that, VL SI structured design tools represent the foundation upon which MEMSS struc-
tured design should be built. With afirm design foundation, MEMS can realize the same
growth as VLS.
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Isthere a sufficient similarity between MEM S and VLS| systems to borrow from VLS
design techniques?

VLSI systems use asmall number of elements (devices) - transistors, capacitors and re-
sistors - to build al other functional blocks and systems. Unfortunately MEM S does not
appear to have as small a set of elements that can be utilized to synthesize any generic sys-
tem functionality with a similar degree of flexibility. It should be possible to show that a
moderately large functional design space could be covered using multiple instances and in-
terconnection of elements from a small set of basic el ectromechanical € ements, structured
design techniques would be an immediate by product. (Perhaps along the lines of synthesis
of mechanismsusing four bar linkages?) Currently, MEM Sdesign appears more akin to ana-
log VLSI design; functional blocks like actuators, sensors, mechanical suspensions/springs,
bearings, etc. are used in lieu of operational amplifiers, capacitors, resistors, and switches;
interaction between blocks has to be taken into account.

Unlike VLSI, in MEMS the 2-D planar topology aone is not sufficient to model the
electro-mechanical behavior of the system. It is necessary to incorporate process cross sec-
tional information as well to generate the 3-D structures that will result when using agiven
mask layout - process combination. This requires the use of suitable device and/or technol-
ogy models or representations. A few CAD programs do take mask and process descriptions
to generate the 3-D structure that would result. However, there is aneed to standardize the
process description and database formats. There is also a definite need for layout represen-
tations and mask pattern generation software that support arcs and freeform structures in an
efficient and accurate manner. (This also impacts on the time and cost of generating a mask
that contains many arcs or freeform polygons.)

Unlike VLS, separation of form and function may not be present. For surface micro-
machined devices, function of a device may be considered to be relatively independent of
its position and orientation. However, the relative positions and orientations of devicesin a
bulk micromachining process do determine the structural shapes and functional behavior of
the device.

Like VLSI, MEMS wafer fabrication and design can be considered to be cleanly sepa-
rated where surface micromachined process are concerned. In fact independence of the fab-
rication process from the mask pattern is generally the desired process ideal sought. How-
ever, in some MEMSS processes incorporating electroplating (such as LIGA), the fabricated
device structure can depend on the mask pattern and/or fill factor of the mask pattern. (In
addition, in MEM S processes such as bulk micromachining the fabricated structure also de-
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pends on the orientation and size of the layout pattern; however this can be accounted for in
aprocess model.)

Despite these differences, MEMS can borrow from many of the VLS| design methods
and CAD tools. Top-down and bottom-up design, synthess, device and/or block level de-
tailed smulation, functional or behavioral modelsand system level smulationsareal equally
applicable to MEMS. Even aversion of LVS is possible for MEMS. The main obstacle
hindering the easy use of such a approach is the multiplicity of physica phenomena that
may be utilized in a MEMS system requiring (possibly coupled) mechanical, electromag-
netic, fluid, and thermal analysis. For detailed simulations (equivalent to SPICE level simu-
lationsin VLSI) this can be done using existing FEA or BEA solvers. Thisrequires an open
CAD framework with a database format that includes mask layout and process technology
information (process cross section and related mechanical properties) that can be easily ex-
ported/imported to/from the appropriate existing FEA solver. The aternate approach would
be to use an equation based solver to model al the phenomena. SPICE itself can be used
for functional or behavioral simulations of MEMS at the system level. There is also aneed
for simulators that are faster than FEA (and perhaps less accurate) analogous to switch level
simulatorsin VL SI design.

The implementation of the following would help facilitate structured design and virtual
prototyping for MEMS.

(a) A layout and process representation that all ows efficient representation of arcsand freeform
shapes aong with process crossectional information, material properties, and perhaps
even mesh information.

(b) Anintegral layout and solid modeling/viewing tool to help designersvisualize 3-D struc-
turesthat will result from the combination of layout and process description. (Existing
tools can be adapted.) Visuaization of 3-D structures that result from a given layout
and process appears to be the biggest obstacle for new MEM S designers.

() An open CAD framework and data trandators for sharing design information between
existing and new MEMSS specific CAD tools.

(d) MEM Sspecific mesh generation and analysistoolsthat are optimized for structureswith
thin layers (i.e., where one dimension is much smaller than the others).

(e) Improved simulatorsfor computationally efficient modeling of MEM S at block and sys-
tem levels.

(f) A CAD toal for the synthesis of mechanisms and/or structural elements.

There are various existing CAD tools that already have some of these features. For ex-
ample, Stanford’'s TCAD VIP-3D, MIT's MemBuilder and MEMCAD, and IntelliSense’'s
IntelliCad have layout and process description, 3D model extraction and mesh generation
features. IntelliCad does have an integrated framework including process description and
modeling, layout, solid model generation, and FEA analysis.
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Introduction

U.S. industry faces alarge opportunity with microsensors and other microel ectromechanical

(MEM) devices. Because these devices are smaler in size and can be made at a very low
cost, they are not only replacing traditional sensors but can find applications in new areas.
The automoative industry, in particular, has invested heavily in MEM sensors because of the
tremendous cost savings. Five years ago the annual production of MEM sensors for engine
and transmission controls and diagnostics was more than 12 million units per year in the
U.S. [High Technology Business, Sept.-Oct. 1989, p. 29]. Indications are that this number
has steadily increased since then with the drive for ever better mileage and lower emissions,
Another large automotive application is silicon accelerometers for air bag release, anti-lock
brakes and smart suspension. In 1994 the market for micromachined sensors was approxi-
mately $1.4 billion with applications in automotive, biomedical, process control, aerospace
among others.

Silicon micromachining promises to dramatically reduce the cost of MEM devices be-
cause the process technology is very similar to that used in the high-volume manufactur-
ing of semiconductor integrated-circuits (ICs). Rather than building electrical components
liketransistors and capacitorsin silicon, manufacturers micromachine electromechanical el-
ementsfor sensors and actuators. These miniature devices, with geometries measured in mi-
cronslikeubiquitous ICs, have potential applications wherever traditional devicesarefound.

With the advantages of lower cost and widespread knowledge of semiconductor pro-
cess technology, why isthe MEM device market so small today? The reason is the lack of
manufacturing knowledge in making the tremendous variety of miniature mechanical com-
ponents. Semiconductor | Cs have the advantage of commonality: the technology advances
made for high-volume DRAM production spread quickly to other devices such as micropro-
cessors and other types of memories.

The proper design and fabrication toolsdo not exist for MEM devices. Today's computer-
aided design (CAD) systems are inappropriate because they do not have the necessary MEM
design, material or fabrication information. Asaresult, manufacturers areforced to usetime
consuming and expensive design-fabrication trial and error to develop MEM devices. This
enormous expense can be justified today only in applications such asin the automotive field
which can amortize the costs over large volumes.

To address the need for design toolsin MEMSS, Intelli Sense has devel oped an integrated
software system, called IntelliCAD, in which a number of tools are integrated to assist de-
velopers of MEM S mimic the fabrication and modeling of MEM Sin aworkstation environ-
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ment.

Users can design new micro fabrication processes with IntelliCAD by grouping logical
sets of process steps into a process or by borrowing process steps from existing processes.
Once a process exists, auser can change the physical makeup and material properties asso-
ciated with that process by varying individual process components. Changes in the process
components can then ater the corresponding look and performance of the device. The user
can view athree dimensiona representation of the resulting structure and can test the perfor-
mance of the structure on-line by applying simulated loads and reviewing calculated effects.
By using IntelliCAD, the entire design and manufacturing of a micro structure can be per-
formed without entering a micro fabrication facility.

IntelliCAD Concept

A number of tools are integrated into a software system in which a user investigates a de-
vice from the conceptual stage to manufacturing. Each tool provides a specific functionality
and isatransparent constituent of IntelliCAD. During the operation of IntelliCAD, the user
interacts with the User Interface to perform various functions and receive information in a
menu-driven or graphical format.

A processisfirst conceptualized through the Process Construction module with the Fab-
rication Database, and verified with the Process Check and Fabrication Simulation modules.
By going back and forth among these modules the user will construct the process steps for
the fabrication of adevice. The process stepsinclude acomplete operationa recipe with all
the parameters required for an operator to perform each step. The user will periodically con-
sult with the Fabrication Database and Material Database to select the parameter values for
obtaining the material behavior of choice. The Material Database of the system has aready
been developed by IntelliSense to the point of commercialization. Thistool, MEMaterid,
consists of a material database, an estimation routine to simulate the material behavior of
deposited films as a function of their manufacturing and a graphics user interface. Tool In-
terface passes materia information to other constituents of IntelliCAD when needed.

The Solid Modeler, upon receiving the fabrication and material information from the
aforementioned modules and the planar geometry information from the Layout Definition
module, builds a three-dimensional model which can be used by the performance smula
tors for the analysis of mechanical, electrical, therma and flow properties. The 3D models
can aso be displayed within the Graphics Ul for visuaization purposes at each step of the
fabrication process. The Layout Definition module holds the mask information needed for
definition of patterns in a process step. The layout information will be captured during the
process construction.

Often users need to access standard (baseline) processes |eading to the development of a
certain MEM device. Standard process techniques are captured within the Design Database
which can be accessed independently, modified when variations are needed at severa steps.
Simulations determine the effects of variations. The template processes stored within the
Design Database may be tailored to capture an organization's standard or proprietary pro-
cess. The Design Database contains information about sensors (products), both a sensor’s



Section 4.7 F. Masech 77

performance and its design.

IntelliCAD capabilities

Design Capabilities A microstructure design process is made up of agroup of fabrication
steps (e.g., deposition, etching, diffusion). A user needs to create a complete list of fabri-
cation steps to define a process. To do this, a user can either customize an existing process
or define an entire set of process steps based on a concept. Often adesign solution will in-
corporate both of these techniques. To support this process, IntelliCAD includes a database
of complete development processes aswell asdetailed information of individual fabrication
steps. This information gives a user process design freedom while also providing defined
processes that can be used as design starting points to save time.

IntelliCAD includes simulation tools that define new fabrication steps and verify thein-
tegrity of design processes. The fabrication simulation tool is used for creating variations
of existing fabrication steps and can model the magjority of known fabrication process steps.
To perform this simulation, a known algorithm that defines physical design characteristics
isinvoked on a given process step using the characteristics of the process asinput parame-
ters. For fabrication steps that do not have known algorithms, a user defined algorithm can
be user entered to override the fabrication simulation routine. The other simulator is the
process simulation tool which is rule-based and contains fabrication process sequence rules
developed using the collection and organization of micro fabrication expertise. It isused to
verify process sequence continuity and completeness. If aprocessisnot presented logically,
the process ssimulation tool will report logic problems for user investigation. Before three
dimensiona visualization and performance simulation can occur the process simulation tool
must verify process (or partia process) integrity.

Layout Definition One step in designing a process sequence is defining a mask or se-
guence of masksthat will create an anticipated geometry. In IntelliCAD auser can choose a
two dimensional mask and can view the geometric impact that the application of that mask
(with given etch parameters) would have on a structure. A user can experiment with dif-
ferent masks and masking sequences in an effort to create a desired geometry. The layout
definition feature replaces the mask definition, preparation, and application procedures that
occur in the micro fabrication facility.

Material Properties Definition For deposition process steps, the designer has the ability
to manipul ate deposition thickness using the fabrication simulator and hasthe added capabil-
ity to manipulate the material properties associated with thin film depositions. IntelliSense
has commercialized a material analysis tool called MEMaterial that examines the material
properties of thin films as a function of process parameters. The user can change parame-
ters and MEMaterial will predict resulting materia property changes. IntelliSense has in-
tegrated the MEMateria product into the IntelliCAD package. When a deposition step is
defined in IntelliCAD, the user can access MEMaterial and model the materia properties
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of the deposited thin film. Thus the user can control the physical properties and material
characteristics of thin film depositions.

MEMaterial contains a database of microelectronic materials that can be analyzed us-
ing estimation and optimization routines developed at IntelliSense. These routines compute
material properties (based on measured data) for any given set of parameters. MEMateria
also alows usersto analyze data using two and three dimensional graphs and generates plots
that give users insight into material parameter dependencies.

On-lineVisualization IntelliCAD contains a Solid Modeler Tool to provide on-line three
dimensiona visualization of user defined processes. Asinput, the solid modeler uses out-
of-plane geometry from the fabrication and process building routines and in-plane geometry
fromthemask simulator. Based on the geometriesinherent inthe structure the Solid Modeler
creates an on-line representation that appears asif it were fabricated in the lab. Asan addi-
tional feature, the user can change the viewing perspective of thethree dimensional structure
to smulate alab technician rotating the device to enhance viewing. The user does not need
to create a complete process to use the solid modeler. Any group of coherent process steps
can be evaluated.

Process Simulation The final step of the micro structure development process is perfor-
mance simulation. The geometry that results from the Solid Modeler combined with the as-
sociated materia properties from MEMaterial are used as input into the process simulation
module. Performance simulation is achieved through finite element method (FEM) analy-
sis. Multiple performance simulators including thermal, mechanical, electrostatic and elec-
tromagnetic types are interwoven within the InteliCAD performance simulation module to
create compete analysis and testing capabilities. From the GUI the user can apply various
loads to a structure and view the effects that the loads have on the structure.

Graphical User Interface Thegraphical user interface iscompletely menu driven and all
functions are clearly defined. A new user should be able to use the IntelliCAD software
without referencing the user manual.

Data Availability The scope and magnitude of micro fabrication data associated with mi-
cro fabrication techniques and processesis continually expanding and it too fragmented to be
captured in asingle data repository. Therefore, IntelliCAD databases will provide a wealth
of verified micro fabrication data and will allow users to incorporate their own data into a
user defined data area. The user has the option of performing analysis based on IntelliCAD
dataonly, user defined dataonly, or acombination of user defined dataand IntelliCAD data.
In addition to creating facilities for usersto enter their own process data, IntelliSense is com-
mitted to providing updates of al IntelliCAD databases on aregular basis.
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Conclusion

Microelectromechanical system (MEMS) technology emerged as an off-shoot of the semi-
conductor industry and much of MEMS technology is borrowed from the semiconductor
industry. However, MEM S technology has unique manufacturing problems that require so-
lutions that can not be borrowed from the semiconductor industry. A large demand existsfor
MEM S technology but we have failed to adequately manufacture the supply. Fast access to
high quality manufacturing know how is essential for the MEM S market to reach its poten-
tial. The aim of this presentation is to target the obstacles responsible for the dow growth
of this high potential technology and to suggest ways of overcoming them.

IntelliCAD is aimed to circumvent some of the difficulties present in the MEM S man-
ufacturing. It promises to reduce the number of design-fabricate-test iterations required to
manufacture aMEM S device. The reduced number of iterations will trandlate to reductions
in time to market and manufacturing cost and will act as a catalyst for new and creative mi-
cro fabrication efforts. Currently, there are no fully integrated micro fabrication tools that
support the manufacture of MEM S structures.

IntelliCAD will provide the following benefits to the micro fabrication community:

e shorter product development cycle times,

shorter cycle times will create more demand from industry,

development costs will be reduced,

creativity and ingenuity will beinspired by faster time to market and reduced costs,

information access: as the tool matures the data repository will become comprehen-
sive.
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4.8 Structured Design Methodsfor MEM S: Essential Tools

C. H. Mastrangelo
Center for Integrated Sensors and Circuits
Department of Electrical Engineering and Computer Science
University of Michigan, Ann Arbor
Room 1243
EECS Bldg.
Ann Arbor, M1 48109-2122, USA
carl osm@ecs. um ch. edu

Introduction

Currently there are few or no structured design methods for MEM S at any leve of abstrac-
tion. These levels include (&) MEM device simulation, (b) functional modeling for system
simulation, (c) physical representation formats, and (d) process description specification.
Historically, CAD tools for MEMS design have not been implemented until recently [1, 2,
3, 4, 5] on just afew of these areas. Therefore many MEMS designs have been devel oped
by hand calculations, with at best a combination of existent tools developed for other older
fields. In order to understand the MEMS designer task, and the possible identification of
parts that can be aided by structured methods, it is instructive to describe a typical design
cycle (Figure 4.8.1).

Thedesign cyclefor aMEM Sdevice consists of several phases. Thefirst phaseinvolves
the identification of the structural element needed (thisitself isan ad-hoc process) followed
by hand calculation analysis and first first order estimation of dimensions. In the second
phase, the designer must create a realistic process flow for the desired device. He may be
able to fit his design in a foundry-available process but, in general, depending on the na-
ture and complexity of his design, the designer must resort to a custom process. During
the process construction, the designer must be familiar with processing details such as ma-
terial incompatibilities, layer etchants, and good, stable, and stress free thin-film materials
appropriate for his design. Thisis undoubtedly atask that requires a great deal of process
knowledge, and it isamgjor time consuming step of the design cycle phase.

Along with the process, a mask set must be generated to form the desired device un-
der the process. This is most frequently accomplished using a conventional layout editor
for VLSI. There are typically no guidelines available regarding design rules of any kind,
with the exception of afew rules of thumb used to avoid problems related to the undesirable
effects of undercut and stringers. In this stage it is typical to borrow some of the process
CAD tools developed for semiconductor processing (such as SUPREM) which help deter-
mine the shape assumed by diffused and reactively grown layers. These, however do not
provide much information regarding stress effects which ultimately may lead to device fail-
ure.

In the third phase, a good designer will construct a solid model of the actual microma-
chined structure and run asimulation on aconventional FEM system such asANSY S. If the
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behavior of the device is somewhat satisfactory, he can always “optimize” its performance
by adjusting some of the physical parameters such as mask features or thicknesses adjust-
ments. Much of the design work discussed so far istrial-and-error. Thatis, if the simulations
do not behave properly, the whole process must be restarted!

In passive MEMSS devices, this may represent the end of the design cycle. However, in
the construction of systems, the thin film structure must interact with electrical signalsin a
predetermined fashion. For example in a capacitive pressure sensor, the diaphragm defor-
mation must be converted to a capacitance change. Similarly, actuators driven by electrical
forces must have a characterigtic transfer function. Whenever the device is connected to a
circuit and feedback is present, the dynamics of the MEM device are interlinked with that
of the circuit which, unless properly accounted for, canyield incorrect signal levelsor, to an
extreme, oscillatory behavior. To date whenever this situation is encountered, MEMS de-
signers resort to simplified mechanical models (typically one or two pole approximations)
of the distributed device dynamics. The link between the mechanica and electrical world
is established through equivaent electrical models representing the mechanical variables of
the system. Thisisin general possible because of the generality of Kirchoff’'s laws.

For example, temperature and pressure can be represented by voltages while heat flux
and mass flow rate can be represented by branch currents. In a practical implementation
these electrical equivalents are implemented within a circuit ssmulator such as SPICE or
SABER. The construction of distributed models for these is also possible through suitable
discretization and generation of equivaent network, but this processisat best tedious. From
the discussion above, itisevident that the design cycleinvolves many steps. Therefore struc-
tured design has the most impact only if acomprehensive design system or tool set is avail-
able. It isimportant to develop a system that can provide automatic design support at all
stages of the cycle leading to rapid prototyping of MEMS.

Applications of Structured Methods

In order to facilitate the designer task many of these phases can be highly structured. In the
simplest form, structured methods may develop in the form of standardized representation
languages, such as CIF, GDS, and other layout languages areto VL S| devices. The formal
definition of these representations must account not only for the mask layout but also for the
depth of itslayers. Thisis necessary asin genera the device process will not be universal,
and the individual layer thicknesses are crucial to the mechanical properties of the device.
Furthermore such representation isvery useful to perform design rule checks and to pinpoint
potential process problems associated with the layer order and thicknesses.

At ahigher level lay device simulation tools. These tools must be able to couple inter-
actions between variables of different types. For example in actuators, the simulator must
solve eectromagnetic field coupled with mechanical deformation of the electrodes simulta-
neoudly [1, 3]. While accounting for all possibleinteractions across alarge number of signa
domains seems aformidable task, recent efforts in Europe suggest that aunified field theory
of interactions can be achieved through generalized thermodynamical state equations [7].
This approach seems quite attractive since all properties of a domain are the result of en-
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ergy exchanges and transport effects. Another approach currently assumed is the solution
of independent decoupled problems with self-consistent boundary conditions.

Micromechanical process simulation tools are needed to model not only the physical and
electrical behavior of thin films during processing but also the mechanical properties of the
filmsthemselves. For example, many of the layers used in these devices contain substantial
levels of stress. This stress and the ultimate mechanical properties are functions of specific
deposition conditions and subsequent thermal history. It is extremely useful to keep track
of the “mechanica state’ of the layers during the process in order to assure that the device
layers will maintain mechanical integrity resulting in proper device operation.

Once appropriate numerical models for the device behavior are found, it is necessary to
devise simplified component macromodel behavioral models to be coupled with systems.
For example, portable modular component models generated from the simulation analysis
arevery useful if they areeasily incorporated into circuit simulators. Infact, thisisextremely
important to accurately model the microstructure dynamics when connected to acircuit, and
itisan essentia tool needed for the implementation and simulation of systems. Recent activ-
itiesin Europe are leading to the establishment of a hardware description language (VHDL -
A) for MEM S similar to the well known VHDL language used in logic chips.

In order to perform all of these functions, each of these tools must be connected easily to
each other. This can be accomplished through a series of trandlation tools between several
standard description languages. For example, SIF may be used for physical layout while
VHDL-A for behaviora, etc.

Top Down and Bottom Up Approach

While al of these tools are undoubtedly useful for speeding up a MEMS design cycle, the
ultimate goal of the designer isto develop aMEMS structure that performs a specific func-
tion meeting desired specifications. The tools described above work on an “open loop” or
“bottom up” mode. That isif the device does not meet the design criteria, the designer must
make appropriate changes and repeat the cycle. If the device is complex, this process re-
quires many iterations. The bottom-up approach thus demands an intense number of simu-
lations per device developed, and it isindeed quite tedious.

It ishighly desirable to develop atool the automatically design the device starting from
its specification. Compilation or “top down” tools do just that. In VLS| technology silicon
compilers can design entire chips. In MEMS, the requirements of such system are different,
and this function may be performed at different stagesin the design cycle in order to avoid
tedious manual iterations (Figure 4.8.2).

To date, it isunclear how a particular structure must ook like to perform a given func-
tion, and as a result, the choice of device topology is dependent on the designer skill. In
order to minimize the device complexity, it isvery desirable to develop theoretical methods
that essentialy determine the number of device layers required to perform agiven function.
To date these methods do not exist, but research efforts are underway using a generalization
of ideas borrowed from the well developed theory of mechanisms.
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One of the areasthat benefits the most from the top-down approach isthat of process de-
sign. Since many MEM S devices require custom processes, their design inherently requires
abroad spectrum of micro fabrication processing knowledge. Thisknowledge requiresyears
of experience to acquire; therefore it is very desirable to develop a software tool that di-
rectly creates a process flow starting from a geometrical description of the device. Such
tool has been aready developed [4]. The methods utilized rely on a mathematical represen-
tation of the sequential fabrication process and the final device structure. The key element
in the generation of a process flow resides on the order between the constitutive device lay-
ers. The device layer order can be represented in most cases by a directed acyclic graph in
the form of an adjacency matrix. Further processing constraints can be easily incorporated
as additional restrictions in the matrix; thus representing a compact means for the specifica-
tion of good process design practices. Choices of etchants and deposition recipes are chosen
from aninternal database of lab-dependent and general data. The process flow is essentially
congtructed as an expansion of atopologica sort of the graph nodes. Such procedure has
satisfactorily assembled entire process flows for merged micromachining-MOS devices as
well as complex 20-mask BiCMOS processes. Along with process compilation tools comes
the development of a process language. Thisisin fact an essential need for communication
with afoundry service facility, and the possibility of starting runs remotely on demand at the
foundry.

Dimensional optimization [2] aso plays an important role in the top-down approach.
The behavior of distributed electromechanical elements can be tuned by proper adjustments
of its dimensions. This can be performed automatically in order to meet the desired per-
formance specifications. There are currently two approaches in this area. In the first, the
behavior of each MEM unit element can be parameterized and stored as part of a library.
Actua dimensional parameters can be determined through numerical optimization of non-
linear constitutive relations. In the second approach, the actual shape of the element can
be determined to meet specifications. This approach, known as homogenization [6], isvery
attractive sinceit can yield electromechanical systemswith simpler process flows and there-
fore alower cost.

Summary

Therearefew or no existent structured design methodsand CAD toolsfor helping researchers
develop MEMS devices. The development of standard device representations, cross-field
smulators, material property process simulators, and behavioral macromodels can shorten
the design cycle substantially. The development of top-down compilation tools is the ulti-
mate goal resulting in a*“device-on-demand” technology with extremely short design cycles.

While the development of any of these will shorten the design cyclefor MEMS, their overall

impact can be accomplished through the realization of a complete design system with few
or ho intermediate manual steps.
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4.9 A Languagefor MEMS
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ThisWorkshop isthethird inthe series of Workshops sponsored by NSF on design method-
ologies for VL SI-like technologies. First, | would like to present a brief summary of ideas
on design hierarchy that were discussed at the prior Workshops. | will then outline a set of
requirements for a possible layered language to describe MEM S structures.

Structured Design M ethodology

Development of astructured design methodology played akey roleinthe VLS (Very Large
Scale Integration) revolution. In this methodology, the operation of the circuit is abstracted
at different levels by formal systems, which allows separation between system design, com-
ponent design and fabrication. The key element that contributed to this clean digita inter-
face was the discovery of a set of scalable design rules (Mead and Conway,1980) allow-
ing processing steps to be defined independent of object’s geometry. For mechanical and
electromechanical systems, in general, multilevel design hierarchy does not work very well
because the underlying models involve energy transformation and physical parameters; the
elemental components share function and behave differently in a system due to back 1oad-
ing (Voelcker, 1994 and Whitney, 1994). Even for VLS, the traditional design hierarchy
(system, function, logic, circuit, layout and fabrication) breaks down if we bring in perfor-
mance considerations like power, timing, speed and chip area (Mukherjee, 1986). The de-
sign may need multiple iterations to take into account the side-effects of specially designed
leaf cells which influence all the layers above. In fact, the exact behavior of the device can
only be described by an analog model. For mechanical design, the performance considera-
tions are an integral part of the design process. The shape and geometry of the part can be
described by ageometry modeler but itsfunctional behavior cannot be guaranteed unlessthe
material satisfies certain physical properties and its geometrical dimensions satisfy certain
size constraints depending on the application and performance requirements. The limits on
geometric dimensions of the object and physical attributes of the material as they relate to
correct function and performance of the object will be called design constraints. The de-
sign constraints are process independent and can be derived by experimental methods and
mathematical modeling. Thisterminology isadopted in order to distinguish between factors
affecting functionality and the manufacturability of the part. In the context of VLS| design,
these two considerations can be merged into aset of conservative geometric designrules. An
analogous set of design rules must also be satisfied by the mechanical fabrication process.
Thedesign hierarchy consists of levels of abstractions, dataexchange languages and dig-
ital interfaces as shown in Figure 4.9. The design subsystem performs the traditional design
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by deriving the shape and geometry that achieves the desired function and specification. The
design must satisfy a set of design constraints with respect to a set of relevant mechanical
and physical properties of the material. The anaysis and simulation tools verify the correct-
ness of the design. The design may go through multiple refinements before being delivered
viathe three-dimensional digital interface (Sproull,1994) to the physical design layer.

The design languages to be used for data exchange at the digital interfaces are areas of
active research. A proposal for anew language, caled SIF (Solid Interchange Format) has
been advocated by Sequin at the last NSF Workshop (Sequin and McMains, 1995). Such a
language should probably be based on a solid modeling system such as CSG (Constructive
Solid Geometry) or BREP (Boundary Representation), possibly augmented by non-uniform
rational B-spline (NURBS) surfaces and should form the basis of a standard 3-D data ex-
change language.

The physical design phase uses specific knowledge of the process and its design rules
to specify a 2.5-D description of the part. Idedly, like in VLS| which satisfies layering
paradigm with conservative design rules, this stage should be insensitive to the object’s ge-
ometry. Asiswell known from studies of SFF processes, such alayering paradigm does not
work in practice for objects with undercuts, objects with multigraded material or with mate-
rial having anisotropic density. Furthermore, the smooth three dimensional surface features
have to be compromised by linear approximation of zigzag surface features and additional
congtraints are put if the object needs support structures or overhangs.

The trandation of the 3-D geometry to 2.5-D geometry has to be done by a’dicer’ that
will produce the 2.5-D layers, givenitsdescription in SIF. A language called L-SIF (layered
solid interchange format) has been suggested for this layered description but no specifics
have been provided for any SFF process (Sequin and McMains, 1995 and Finger et al., 1995).
Thisdescription will form a2.5-D digital interface between the physical design and the pro-
cess planning stage.

One key software is a design rules checker. The purpose of the design rules checker
isto ensure the feasibility of the part fabrication. The tolerances of the fabricator must be
reflected in the trandator output of the dlicer.

For VL SI design, the 3-D and the 2.5-D digital interfaces merged into one interface, the
design rules alowed a clean separation between design and fabrication hiding the process
planning stepsin the set of masksrequired for astandard process. For MEMSS, the processing
steps depend on object’s geometry.

ThelLanguage L-SIF (Layered Solid I nterchange For mat)

Surface micromachining uses alyering paradigm that comes closeto the VLS| layering and
evolved with astrong motivation to use the VL S| fabrication facility in “asis’ condition. In
fact, itissmpler than VL SI since the process does not have to produce “ active” components
like transistors nor does it have to take into account the electrical parameters (the so-called
“parasitics’) that influence the connectivity considerations and the performance of the chip.
Essentially there are three kinds of material that need to be layered to produce the desired
parts: the structural layer, the sacrificia layer and theinsulation layer. A different set of con-
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siderations such as deformation due to residual compressive stress, frictional properties and
coupling phenomena such as stiction or bearing clearances come into the picture. If the do-
main of geometry is restricted to simple structures with a set of special standard constructs
like bushing, bearing, cantilever, gear, rotor etc., a ssimple geometry language like CIF will
serve the purpose. For bulk micromachining, severa complicating factors arise which do
not connect the layered description of the structures with the underlying process steps. The
geometry for bulk micromachining seems to be the result of a sequence of anisotropic etch-
ing and etch stops that are custom made for the device. A geometric representation of a
diaphragm, ahole, acavity, apin or acantilever can still be defined with an implied seman-
tics of how anisotropy is used to produce such astructure. Such specia constructs have also
been used for VLSI; "butting’ or "buried’ contacts or ’via or eventhe 1/O pads are examples
of such special constructs.

Toincorporate arbitrary 3-D geometry, amore powerful layered language, L-SIF, will be
necessary. Current implementation of surface micromachining suchasMUMPSuse CIF/GDS
format or some variants or IGESformat which can only handle polyhedral representations of
solid. Specia cell libraries of frequently used parts with non-polyhedral surfaces have aso
been provided in some instances. There is a heed to develop a standard layered language,
caled L-SIF, for MEMS.

L-SIF will include the basic geometric constructs of CIF (Mead and Conway, 1980)
which are;

Polygon with a path.

Box with length, width,center and direction.
Round flash with diameter and center.

Wire with width and path.

The layer attribute of CIF (which identifies polysilicon, metal, diffusion etc.) will be
the same in L-SIF identifying the material of the layer in question. Since L-SIF will handle
more complex geometry than CIF (which only handles Manhattan blocks and cylinders), L-
SIF will have primitives that capture any slice of a quadric body such as sphere, elipsoid,
cone, paraboloid and hyperboloid with arbitrary orientation of the plane that cuts the dlice.
Extension of the language to cover bodies expressed by NURBS is also possible. The lan-
guage will include constructs like:

[ Layer name, quadric object, vertical resolution, orientation vector, slice num-
ber |

The object will be defined by its mathematical parameters. For example, for an ellipsoid
we specify the coordinate of the center and the distances of its three radii. The orientation
vector specifies the three components of avector that defines the object’s rotation around the
three major axes x,y and z. After placing the object on a horizontal plane with this orien-
tation, imagine dices being cut in the vertical direction with the resolution factor provided
and the dlice number identifies which cut is the present cut being used.

The language should be able to describe layers with interna hollow regions. The “con-
centric” holesis defied as
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[Concentric: label, scale factor]

where“label” inside the square bracket identifies adlice asbefore and scale factor defines
a scaled down version of the object. The object consists of the labeled object from which
the scaled down portion has been removed. The Boolean operations on layers like union,
intersection or difference are defined as usual.

The L-SIF language will also have some of the general featuresthat are allowablein CIF
such as symbol definition, call, delete and user extension, comment etc. and the usual syntax
of data types.

CIF is a standard data exchange language that can be mapped to different target tech-
nologies. Similarly, L-SIF should become a standard data exchange language for all SFF
processes including MEM S which can be mapped to specific target technologies like sur-
face, bulk or LIGA processes with its associated set of “libraries’ of special constructs.
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4.10 A Casefor Involving EDA Companiesin MEM SCAD and Modeling De-
velopment Programs

Peter T. Parrish
Tanner Research, Inc.
180 North Vinedo Avenue
Pasadena, CA 91107
Peter. Parri sh@ anner.com

The most important contribution that an EDA company can make in the areaof MEM S
CAD and Moddling is to productize the algorithm and technology development of univer-
sitiesin aform that gains industry acceptance for its commercial quality, completeness, and
on-going support and development. In doing so, EDA companies seed the growth of an
emerging technology in anumber of areasthat universities are not prepared to address. Tan-
ner Research is uniquely positioned EDA supplier with atrack record of successfully com-
mercializing university research.

(1) Leverage Existing Software Tools A new technology istypically supported by arough
adaptation of pre-existing CAD tools. These adapted tools lack integration and features
that ease transition to and adoption of a new technology. Developing these needed addi-
tiona features in a widely-available, industry-tested tool, with a “bottom-up” analysis of
the technol ogy-specific issues and design flow is a much more cost-effective approach. By
working with EDA companies, universities can devote their resources to agorithm devel-
opment instead of duplication of existing software features. Work can be coordinated via
EDA industry standard file formats and interface standards. Established EDA vendors can
provide “hooks’ into their programs that provide universities the opportunity create custom
capabilities that build on the existing tool features. A good example of this type of hook is
the User Programmable Interface (UPI), that Tanner Research provides with L-Edit” M, for
algorithmic creation of designs.

(2) Ease-of-Use and Technical Support Commercial tools consist of and imply much
morethan point tool features. M ost tools have devel oped agraphical user interface, an estab-
lished engineering design flow, and other added features that make it easy for usersto enter,
document and maintain designs; perform analysis; and visualize results. These tools aso
have extensive on-line help and documentation. Trained technical support staff are avail-
able by phone, fax and email. Support can aso include application notes, tutorials, short
courses, and other training materials.

(3) Maintenance and Platform Support Without clear technology-specific documenta-
tion, the barrier to the use of new technology israised. Astechnology evolves, the process
of updating and verifying the related software components, such aslibraries and DRC/ERC
rule sets, can become amajor burden. EDA firmsare prepared to track and respond to these
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changes. In order to reach the maximum market, EDA vendors support multiple platforms
(e.g., PC-DOS, Windows, Macintosh and UNIX) and track platform and operating system
changes. Multiple platform support is usually not a cost effective option for universities.

(4) Functionality and Quality Inadditionto“new features’ thereare“improved features’.
Commercial tools are continualy “fine-tuned” to increase solution speed, improve conver-
gence, and decrease memory requirements. Commercial codeis also subjected to alevel of
testing, QA and customer feedback that far exceeds what a university effort can justify, but
which in the long term assures a high level of quality in the user’s hands.
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G. K. Ananthasuresh and Stephen D. Senturia
Microsystems Technology Laboratories
Massachusetts I nstitute of Technology
Cambridge, MA 02139
suresh@rt | .mt. edu
sds@t!|.mt.edu

Preamble

The following premises articulate our position on structured methods for design of MEMS.

1. Mechanica systems do not have the same modularity and topological simplicity as
electronic circuits, and hence, pose a more difficult challenge to the development of
systematic methods for design and manufacture. Therefore, caution should be exer-
cised in comparing MEMS design with VL SI designs. Nevertheless, we see oppor-
tunities in MEMS for structured design, provided that the design domain is suitably
restricted.

2. In contrast to macro systems, MEMS devices use fewer rigid link mechanisms and
more intrinsically compliant components. Compliant mechanisms lend themselves
to structured design, as it is possible to systematically generate these structures for
specified controlled motion and force transmission [1, 2].

3. MEM Sdevicesfabricated with planar lithographic processes share many features with
VLSI devices. Hence, the mask design within a given process sequence may be a
fruitful areafor structured design. Similarly, it may be possible to design process se-
quences to achieve desired cross-sections [3].

4. Anadysisisanimportant step inthedesign process. Unliketheintegrated circuitsfield,
which can draw on extensive sets of design rules and programs which automatically
test for design-rule violations, the MEMS field lacks design verification tools at this
time. Oneway to verify adesign, prior to fabrication, isthrough numerical simulation.
The strong coupling between different energy domains makesit extremely difficult, at
present, to analyze a MEM S device using the existing simulation tools. Hence, there
isagreat need to develop computer aided anaysis tools and system level smulators
that are easily usable by the MEM S community[4, 5].

Discussion

Table 1 contrasts different aspects of VLS| systems, macro (traditional) mechanical systems,
and MEMS.
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VLS Systems Macro-mechanical MEMS
Systems
Single energy domain | Multiple coupled energy Multiple coupled energy
domains domains

Small set of primitives;
decomposition is easy

Wide range of unstructured
non-modular elements;
hierarchical functional
decomposition is not

easy

The range of elementsis
not as broad as macro
systems; scope for limited
decomposition

planar lithography

manufacturing techniques
including 3-D machining

Elements are clearly Intrinsically shared Same as macro systems,

distinguishable topologica boundaries. topologica segmentation

functionally and No direct mapping isequally hard (e.g., a

topologically between function and form | fluid volume bounded by

moving parts)

Simple interconnection | Interconnection rules Same as macro systems

rules (KVL & KCL) are complex

among the decomposed

elements

Geometry of physical Geometry of artifactsis Same as macro systems,

artifactsisnot abig intrinsically tied to the but kinematic issues are

issuein design function they perform. not as complex at present.
Kinematics plays abig Predominantly monolithic
role compliant structures

Manufactured with Wide range of Sameas VLS| systems

Table 1. Comparison of VLSI, macro mechanical systems, and MEMS
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Structured design methods exist for VLS| systems, because they operate in asingle en-
ergy domain, involve asmall set of primitives that possess a direct mapping between func-
tion and topology, and have simple interconnection rules (KVL & KCL). In contragt, the
macro mechanical field isso diverseinitsdesigns and manufacturing techniquesthat it isnot
easily amenable to systematic design. It involves multiple energy domains and awide range
of unstructured primitives with intrinsically shared topological boundaries (e.g., afluid vol-
ume bounded by moving parts). Furthermore, thereisno clean correlation between the phys-
ical form of the artifacts and the function they perform. MEM S devices resemble macro sys-
tems in these aspects and retain some of the complexity and unstructured nature of macro
mechanical systems. However, as can be seen in the last two items in the table, there are
some features that make MEM S suitable for structured design. If limited to planar micro-
fabrication processes and the types of MEM S devices available today (which require only a
limited range of motion that iseasily achieved with deformable structures), the geometry and
kinematic issues are less complex than for macro mechanical systems. Another feature of
MEM Sthat facilitates systematic design is the use of photo-lithography in microfabrication.
The masks and the process sequence used in microfabrication provide a common interface
between both the adescription of the design and the recipe for manufacture. Therefore, there
is an opportunity for the development of mask synthesis and/or process synthesis programs
to assist structured design.

Systematic Design of Compliant Mechanisms A closelook at the MEM S devices avail-
abletoday reveals that there is a paradigm shift from jointed rigid mechanisms to compliant
mechanisms which are essentially deformable structures. It is possible to obtain, from func-
tional specifications, conceptua designsfor rigid and compliant structures systematically to
support loads, and for controlled force and motion transmission, respectively [1, 2]. Thishas
been done by suitably extending the already developed structural optimization techniques.
Such methods require nominal input from the user in the form of functional specifications
that include input-output forces and displacements, and have the potentia to generate com-
plete designs with enough details to proceed with mask generation automatically. Therefore,
thisis an area where structured design is possible.

CAD Toolsfor MEMS Analysisis an important component of design. Computer aided
tools for analysis lead to systematic design methods. Due to the present lack of simula
tion tools, the only way MEMS designers can verify their designs is by building and test-
ing, which is expensive and time consuming. For this reason, it is extremely important to
be able to perform accurate simulations, accurate both in the geometric representation of the
structure, and in the underlying constitutive properties and behavioral modelsfor the MEMS
device and the associated electronics. MEM S devices of today, most of which are transduc-
ers, operate in multiple energy domains, and thereis a strong coupling among these domains
(e.g., coupled electro-mechanics, fluid-structure interaction). Thisrequires speciaized anal-
ysis methods for accurate 3-D simulation [5]. Furthermore, the backgrounds of MEM S de-
signers are very diverse because of the multi-disciplinary nature of the field. Consequently,
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it isimportant to develop the analysis tools in such away that most MEMS designers can
use them comfortably. For instance, if electrical engineers need to do finite element analysis
of themechanical structure or if mechanical engineers need to simulate an electronic circuit,
there should be suitable interfacing tools.

System Level Modding A MEMS system typically contains a variety of devices includ-
ing electronics. A common representation that encompasses multiple energy domainsis use-
ful in modeling the whole system. The bond-graph notation, which is based on energy trans-
port (or power flow) may prove to be useful in representing the entire system at the highest
level. Ultimately, one seeks the dynamical behavior of the entire system. But most trans-
ducers are nonlinear, involve at least two energy domains, and operate in the large signal
regime. Direct numerical simulation of the dynamics of the fully meshed distributed model
of the system is computationally difficult and isvery expensive. Therefore, it isnecessary to
reduce the number of degrees of freedom from the hundreds or thousands of degrees of free-
dom of the meshed 3-D model to asfew as possible. Such reduced order models can then be
used for system level dynamic simulation [4]. These’ macromodels should be developed in
such away that they agree with both 3-D numerical ssimulation and experimental resultsin
describing the macro behavior of the system. Macromodels can also be used to represent the
behavior of a subsystemn within one energy domain, or the interaction from other domains.
Hence, an important goa in MEMS design is to develop means to automatically generate
macromodels and insert such models into a system- level dynamic simulator.

Conclusion

A cautious approach should be taken in trying to establish structured representation and de-
sign rulesfor micromechanical systems, asmechanical systemsare known to benot amenable
to either systematic design or clean separation of design and fabrication. In spite of difficul-
ties, there are some avenues in the MEMS area for structured design such as mask and/or
process synthesis for a selected class of geometries, synthesis of compliant structures, and
computer aided toolsfor quick and accurate analysis of different classes of MEMS devices.
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4.12 Thoughtsfor the MEM S Community

Carlo H. Sequin
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Here are some additional thoughts to accompany the paper: “VLSI Design and Fabrica
tion” by Carlo H. Sequin and SaraMcMains. These thoughts are aimed particularly at the
community of MEM S designers and fabricators who will come to the Caltech workshop.

The Problem Domain

MEM S occupy an interesting niche between VL Sl chips and miniature mechanical systems.
Their structures can be far more complex in the vertical dimension than the VL SI circuitry
used in computer or memory chips. No good widely accepted language currently exists to
describe the 3D geometry of thefinished structures. The complete set of all mask geometries
together with the travel sheet that describes the process sequence, at best give an implicit
description of the resulting product. From thisimplicit description, itisin principle possible
to obtain an explicit description of the geometry of the finished chip if suitable modeling
programs are available for al processes and a suitable geometric modeling language is used.

A traditional way to describe mask geometry in the field of VLSI is through the use of
some mask geometry language such as CIF. Some mask description formats have been pro-
vided with extensions that alow to describe in more detail s the thicknesses and properties of
thevariouslayersin different regions. Most of these extended formats are still 2.5D descrip-
tion formats, rather than real 3D geometry formats. They are thus inappropriate to describe
complicated overhangs or features that occur on vertical faces.

One could use some established solid modeling language (e.g., ACIS) to describe the
geometry of the chip at various states during the sequence of process steps needed for man-
ufacturing. However, commercial solid modeling languages have thewrong strengths. They
provide compact high-level waysto define adesired solid shape, often focusing on construc-
tive solids geometry (CSG) operations, but they have virtually no support for tracking acom-
plicated manifold such as the exposed surface of asilicon dioxide layer asafunction of time
during the simulation of an etching process. What we need for the use with advanced 1C
chips and with MEMS is a descriptive geometry language that captures the state of a com-
plicated physical structure consisting of several different regions with different materials
properties, which can change as a function of time. The immediate needs are for primar-
ily a descriptive language, rather than for adesign language, since we are still far from the
point where it will be possible to define an ideal shape or a complete mechanism, and then
have it manufactured in atop-down manner by defining automatically the needed mask ge-
ometries and fabrication steps. For the foreseeable future, MEM S will have to be designed
from the mask-set point of view based on a detailed manufacturing process plan. There will
not be asingle generic MEM S process! Every new application, and every new conceptual
structure may need a new process sequence for its implementation.
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Relations between CIF, SIF, L-SIF, and UniGr afix

Berkeley UniGrafix, is a simple geometric description language that we have been using
in computer graphics research and instruction since the early 1980’s. It was created as a
3D extension of CIF, the Caltech Interchange Format, for situations where a 2.5D layered
description is no longer appropriate. It is almost a strict superset of the 2D CIF language,
but some of the primitives specifically aimed at the needs of IC layout, such as“path”, have
been left out of the 3D language and have instead been relegated to the domain of a separate
set of generator tools; e.g., the “UGworm”-tool will generate a properly mitered prismatic
tube along a piece-wise linear path through 3D-space. Berkeley UniGrafix would be quite
appropriate for the description of even the most complicated, static 3D MEMS geometries.
It does not have adequate facilities, however, for describing shapes that change asafunction
of time.

We are now in the process of defining SIF, an interchange format for Solid Free-Form
shape manufacturing (seearticlereferenced above). Thusthe question naturally arises. Could
this also be the language of choice for the MEM S community ? The answer is. Probably
not ! The needs of the two communities are too different. The SFF world needs alanguage
to capture designs of 3D shapes. The MEMS world needs to capture descriptions of com-
plex structures, which, however, may be time-varying. The L-CIF language is closer to the
descriptive end of the spectrum, but it is again a layered language and thus does not over-
come the key shortcomings of the extended 2.5D mask description formats that are used
today.

In my opinion, the ideal MEMS description language would follow a strict boundary
representation paradigm and be efficient to represent many extended complicated surfaces
with many detailed features, probably in the form of ashared vertex array and atriangular or
guadrilateral mesh referencing these vertices. It must have the provisions to attach reason-
ably complex volume specifications to any of the regions bounded by acombination of parts
of these surfaces, e.g., agradated doping in the z-direction. Asinall interchange formats, it
isabsolutely vital to have acleanly defined semantic meaning for all expressible constructs;
syntactic choices are more a matter of taste.

Other CAD Tools

MEM S may have moving parts, e.g., electro-motor rotorsthat turn or leversthat flip up after
processing iscompleted. Representation of such operations will require the power to formu-
late 3D rigid body transforms. To befurther ableto do at least akinematic simulation of such
MEMS operations may require even more sophistication; since these motions are typically
constrained in some way, a complete constraint solver system may be required.
Animportant CAD operation that is performed on a description of the expected geome-
try of aprocessed deviceis” extraction”. Thisisthe process of finding ahigher-level descrip-
tion from alarge — possibly unstructured —mass of lower-level primitives. InthelC domain,
extraction isoften used asaverification step after alengthy multi-stage layout compilation to
verify that the sum total of all layout rectangles indeed constitutes acircuit with the desired
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properties.

For aMEMS with an interesting 3D geometry such extraction is much harder than for
thetypical digital circuit chip. There may not be arich enough set of predefined higher-level
primitives in which the function of the MEMS structure can be expressed succinctly. The
richness of the possible geometrical structures that can be formed is far too rich.

The extraction, simulation, and analysis of MEMS function are a challenging research
domain that will not likely yield to some standardization in the near future. Efforts should
thus best be spent towards achieving alower godl, i.e., that of creating a simple geometry
language extension that allows to adequately describe resulting or desired MEM S geome-
tries. Anextension of 2D CIF to atrue 3D language in the spirit of Berkeley UniGrafix may
be all that is required.
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413 What Can WeLearn from theVLSI Revolution
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1. VLSl Design and Fabrication

Before forging ahead with new standards for SFF, it seems worthwhile to look at design and
fabrication in the domain of integrated circuits and to review the VLS| CAD revolution of
the 1980s. There may well be some valuable lessons that carry forward to the domain of
SFF.

|C fabrication isa 2.5-dimensional technology. There are many different classes of pro-
cesses: NMOS, CMOS, Bipolar, BICMOS, GaAs.... Ineach classthere are many variations
among different fabrication lines. But in al cases the principle is the same: one starts with
aflat wafer, usually a silicon crystal lattice with a single orientation, and then produces a
series of changes in areas that are defined by the geometrical patterns on a sequence of fab-
rication masks. In order to produce a“ Si-gate NMOS’ circuit (avertical layering of Metal
and Oxide, on top of a Semiconductor which has regions of Negatively charged carriers),
one might use the following key conceptual steps. One mask pattern (often symbolicaly
shownin green color) and the associated processing steps may cut open a pattern of trenches
into the oxidized silicon crystal surface, into which small amounts of “impurities’ are dif-
fused in order to produce regions that are more conductive than the bulk of the silicon sub-
dtrate. A second (red) pattern may define connection strips in a deposited polycrystalline
silicon (Poly-Si) layer on top of the previous structure. Where these strips cross the “ green”
trenches, transistors are formed: the voltage on the red strips — or “ Si-gates’ — controls the
amount of conductivity in the green trenches underneath. A fourth (blue) pattern defines an-
other layer of interconnections, in ametal layer on top of the whole processed wafer. A third
(black) pattern specifies where connection holes should be cut through the insulating layers
placed between the “red” and “blue” interconnection levels.

For agiven class of processes, the basic functionality of the various layers is always the
same, even though the thicknesses of the many layers and the exact cross-sectional shapes of
the trenches and conductor strips may vary. In adifferent process class, the levels may per-
form different functions; for instance, in an older “metal-gate NMOS” process, the amount
of conductivity in the semiconductor bulk layer is controlled by gates formed in the metal
layer. Whoever designs the masking patterns for a particular circuit has to understand what
the basic functions are of the various patterned layers. In the early 1970s the design of acir-
cuit layout was an “art” where each designer had to work closely with the people operating
the fabrication line in order to define appropriate patterns that together with the envisioned
processing sequence would then produce the desired circuit behavior.

One of the contributions of Mead and Conway [“Introduction to VLS| Systems,” Ad-
dison Wesley, 1980] was to push for a simplification and standardization of this interface
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between designers and fabricators. For many applications, the performance of the digital
logic circuits is not very critical compared to the capabilities of the technology and will be
good enough even when the potentia of the chosen fabrication process is not used to its
limits. It was thus possible to define a simple set of geometrical layout rules that would as-
sure that functional transistors and circuits of acceptable performance would be produced
for fabrication lines whaose processing parameters were kept within reasonable parametric
ranges.

This was done first for the Si-gate NMOS process and later for “CMOS’ technology
(Complimentary MOS, with transistors of both polarities). This simplification alowed an
abstraction of the design process, where geometrical “recipes’ would produce transistors of
desired performance (speed, driving power) or circuits of desired functionality (AND-gates,
NOR-gates, multiplexors ...).

To make this abstraction work, it is crucia that the semantics of the various patternsis
well defined. After someinitial controversy, the geometrical shapes were defined to repre-
sent “what you can see when you look down on the final 1C chip”. Since the actual masks
used in fabrication may actually have different dimensions, owing to expansion or shrinking
of the various features during the fabrication process, or owing to size changes when masks
are copied, it became the responsibility of the fabrication houses to compensate for all these
cumulative effects and to produce the masks for their own use that would deliver the speci-
fied geometrical dimensions onthefinal chip. Thusthefab-line dependent variations and id-
iosyncrasies became invisible to the circuit designer, and the same set of geometrical pattern
specifications became portable from one fab-line to another. As technology improved and
it became feasible to make ever smaller features and thus faster and more compact circuits,
it was even possible to take the old patterns and to shrink them automatically to make them
usable again for these advanced processes. At this point one has reached a true abstraction
of the layout design process, where the designers may not even know what the dimensions
are of the rectangles that they are drawing.

2. Higher Levelsof IC Abstractions

After the lowest level of abstraction of implementing pieces of integrated circuits (by speci-
fying theraw geometry of all the features on the chip) becameroutine, and ever larger collec-
tions of useful and reliable circuit elements had been compiled, it became practical to shift
thelevel at which designerswould think about their circuitsto ahigher level. Thelogiclevel
had already become well established with the library of bipolar circuits described in Texas
Instruments’ famous TTL Data Book. The semantics or the functions of the various gates
was quite clear, and library cells that implemented these various useful logic circuits could
readily be designed and optimized for different fabrication processes. The designers now
simply had to plug together these “logic gates’ into more complicated digital subsystems.
Very soon, frequently used higher-level circuit components emerged: registers, data
paths, memory blocks, arithmetic-logic-units (ALUS); these became the natural — and of-
ten parameterized — building blocks for larger systems such as processor architectures. This
“register-transfer-level” of abstraction is most conveniently used when a designer tries to
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trade off system speed against implementation costs and tries to find the most cost-effective
degree of parallelism in the architecture.

Between the layout level and the logic level, there are a couple of other abstraction lev-
els that were often used by many designers. First there is the “sticks’ level in which the
connections in the various layers of the integrated circuit are not represented by their exact
geometry, but only by their topological ordering and arrangement on the chip surface. This
level can be drawn more quickly and frees the designer from worrying about exact dimen-
sions and about layout-rule correctness. A computer program, called a “compactor,” then
converts asticks diagram into adensely packed, layout-rule correct geometric layout. How-
ever, this level never became useful for exchanging designs between designers in different
groups, since the semantics of this description was never clearly defined and standardized.

Similarly, yet another abstraction level, the “switch” level, never played a mgjor role
as an interchange standard, even though this level is very important for circuit simulations
and for optimizing the performance of a generic circuit. Too many parameters would have
to be specified with each component at the switch level, and the actua performance would
then still be dominated by many parasitic circuit elements, such as stray capacitances that
are strongly affected by the exact layout and by the rel ative arrangements of the circuit com-
ponents on the chip.

Above the register transfer level, there are aso further levels of abstraction. But as one
climbs higher up in this abstraction hierarchy, the concerns of the designers become richer
and harder to define. At the “functiona” or at the “behaviora” levels, onetries to formally
capture what the system overal is supposed to do — but this is rather difficult. For along
time, certain semantic issues had been |eft unanswered: for instance: “What is the meaning
of time in this domain? Isit continuous or discrete? Isit fully synchronous to some clock?
Andif so, how are external asynchronous events handled?’” Thelack of semantic clarity and
completeness made it difficult to exchange systems specifications at this level. In the last
few years, however, a standard language (VHDL) with reasonably well defined semantics
has emerged.

3. Conversion and Checking Tools

Defining these languages and interchange formats with proper semantics is just the begin-
ning; they are not much use unless we also have convenient tools to create descriptions at
these various levels and to convert these descriptions from one level to another.

Programs that convert descriptions from higher levels of abstraction to lower, more de-
tailed description levels are known as “generators’ or “compilers’. For example, we might
have a parameterized “N-bit full adder” generator, which — upon specifying avalue for N —
will generate an adder circuit with N bitsin a particular technology. This relieves the indi-
vidual designer of the tedium of explicitly specifying al the geometric details of the layout
of such acircuit.

The inverse process, finding a higher-level description from alarge — possibly unstruc-
tured — mass of lower-level primitives isknown as “extraction”. Thisisoften used asaver-
ification step after alengthy, multi-stage compilation process, e.g., to verify that alarge col-
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lection of layout rectangles indeed constitutes a circuit with the desired properties. Such a
circuit-extraction process may a so find spurious circuit e ements that never show up explic-
itly in the generation process. For instance, long interconnection lines may have associated
with them a significant amount of capacitance to the substrate. To adequately model the per-
formance of such a“transmission line,” this capacitance has to be calculated and suitably
incorporated into the model of the circuit.

To close the verification process, the extracted circuit would have to be compared to the
original, intended circuit. This can basically be done with some graph-matching algorithm;
however, some margin of error has to be tolerated in the parameter values for each individ-
ual circuit component because of the parasitic geometries mentioned above. Thereisanother
difficulty: thesameflat circuit or logic description can often be hierarchically grouped in dif-
ferent ways that are equally valid or “natural”. The extracted hierarchy may then be quite
different from the one originally conceived by the designer, and thus hard to compare. It
might thus be worthwhile to leave “hints’ or other informal information in lower level de-
scriptions that convey the original design intent.

There are aso interna consistency checks that can be made on individual descriptions
alone. For instance, in a circuit diagram, one can check that differently labeled signal or
power lines are not short-circuited to one another, or that al terminals with the same labels
are indeed internally connected. At the level of the layout geometry, one would typically
apply some geometric checks to see that the chip can be fabricated with reasonable toler-
ances and will till yield —with high probability — the geometric patterns that the designer
had in mind. Primarily, such layout checks would test for certain minimal separations be-
tween elementsthat should not fuse together, and for certain minimal interna dimensionsfor
pathsthat should not be broken. Comparing the geometry on two different levels, onewould
check for sufficient tolerances in the mutual overlap of features, so that one retains coverage
even in the presence of small mask misalignments. All these checks are tightly coupled to
the semantics of the features represented and to an understanding of the capabilities of the
processes that are controlled by these descriptions.

4, What Can We Learn from This?

Many similarities become apparent when looking at some of the SFF processesin the context
of the above experiences with VLSI. Here we present our initial reactions to the questions
raised inthe call for participation for thisworkshop. In many instances wherethesituationin
SFF is sufficiently different from that in the domain of VLSI, we are not ready to take a def-
inite stand; we then simply present the pros and cons of an issue to help focus the discussion
at the workshop.

4.1 Modeling and Design Exchange

What level of abstraction should be used for describing the physical design?
Should it be two-dimensional layers corresponding to thelayerswhich are built
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during the fabrication process? Or should it be a form of a three-dimensional
description with features identified?

A singlelevel of abstraction will definitely not be sufficient. There isaneed to describe
mechanical systems and their physical parts a one or more high-level abstractions that cap-
ture various aspects of their functionality. These higher levels of abstraction are outside the
concern of this workshop.

However, at some point, the shape of an individual part has to be defined, and a clean
abstraction level is needed to describe the geometry of this part in acompletely fabrication-
process-independent way. This geometric shape specification should clearly be a 3D de-
scription. Many existing solid modeling languages would be quite adequate for this purpose.
They should have the power and expressibility to describe smooth surfaces in a resolution-
independent, non-tessellated, compact form, and should be able to represent cylinders and
spheres perfectly. NURBS seem to be one of the obvious choices for that purpose.

However, the variety of existing solid modeling systems and the possible complexity
of the constructs they offer may be bewildering and scary to the manufacturing people who
should be able to accept and process models in this form. It might thus be worthwhile to
define alean and clean subset language that contains only the really essential elements and
has unambiguous semantics. For discussion purposes we will cal such alanguage “ SIF,”
or “Solid Interchange Format”. This should be acompact, human-readable ASCII language
in the spirit of CIF. The format should be hierarchical to avoid the waste of transmitting
repetitive data.

“Features’ (e.g., a“hinge,” or a“parameterized dove-tail dot”) —like functionality —do
not belong at the SIF level, but at a higher symbolic level. While including such features
may make the job of the process planner and the rule checker easier (see Weiss and Prinz
draft position paper), it may be too daunting to define a rich enough catalog of features for
all current and future application domains. (Possibly, if ahigh-level description exists that
includes features, thisinformation might be passed down to lower level descriptions to make
the extraction of fabrication features easier. But we would then need to discuss to what de-
gree such “hints” are an informal local help and to what degree they should be officialy
supported in SIF.)

In general, any such language should be kept as simple as possible, but general enough
to do al thejobs envisioned, and extensible in case new needs emerge that cannot be handled
by the original format.

Thereis also aneed for lower level part descriptions that are much closer to actua fab-
rication plans. For SFF, anatura candidate would be some 2.5D layered description that is
comparable to the CIF description of mask levels for a particular fabrication process. For
the sake of discussion, we call thisformat “L-SIF,” for layered-SIF. The L-SIF descriptions
for one and the same part may be quite different for different SFF fabrication processes.

Idedlly, L-SIF would have a very similar style and semantics as the SIF language and
should in principle be a derivative thereof. On the one hand, it might contain fewer geo-
metrical constructs than SIF, since it might only have to express the 2D shapes of subse-
guent layers; thus, rather than having to describe NURBS surfaces, it would only have to
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express NURBS contours. On the other hand, the L-SIF languages for different SFF fabri-
cation classes may need to convey some extrainformation such asthe direction of amaterial-
depositing nozzle movement. For some processes, such as Shape Deposition Manufactur-
ing, the L-SIF process plan description might require almost the same richness of geomet-
rical information as the idedized SIF part specification, since the individual layers are so
thick and individually machined around their perimeters that they must be considered 3D
solids in their own right.

Finaly, below the level of L-SIF, there will be a plethora of machine-dependent control
languages over which our task force will have little influence.

What type of model should be used to represent designs? What should be the
role of traditional solid modeling? What attributes should the model providein
describing the design other than geometry? Candidates include strength, ma-
terial, tolerance, etc.

Traditiona solid modeling systems have mostly relied on polyhedral or on smooth “ bound-
ary representations’ (B-REP) or on “constructive solid geometry” (CSG) assemblies of a
few clean primitives (cubes, cylinders, spheres, ...), or of a combination thereof. While
other models exist for describing geometry that are mathematically purer, it isnot clear that
they are preferable to describe shapes at the SIF or at the L-SIF level or that they would be
accepted by ageneration of engineers that grew up with today’s CAD and modeling tools.

For cleanliness and compactness of the description it may well be desirableto allow SIF
descriptions to be acombination of B-REP and CSG: i.e., regularized boolean set operations
trees whose leaves are B-REPs of 2-manifolds, half spaces, and partially bounded objects.
Thiswould alow, for instance, a compact, resolution-independent specification of a shape
defined by one or more general NURBS with some cylindrical holesin it.

At the SIF level, the different geometrical regions defined would have to carry infor-
mation on the “desired” volume or surface properties, which the manufacturing processes
would then have to approximate as closely as possible. Material selection, density, color,
tolerances, and surface roughness may be such properties that need to be specified. This
could be accomplished by using a volume statement that takes a solid region and specifies
the “content” or materials properties of that domain. Hereis an example that demonstrates
the use of CSG and of several geometric regions occupying the same space: graded coloring
could be specified in alarge bounding box that contains the whole part and which isformally
intersected with it.

AttheL-SIFlevels, the volume or boundary information may then be much more depen-
dent on the particular SFF process envisioned and specifically refer to some of the available
materials that could be dispensed in each layer, or to the particular local treatment that these
layers may experience at certain locations.

Specifying the materia at the SIF level raises some interesting issues. Since different
processes have different material capabilities, adesign that includes amaterial specification
isno longer process independent. For a manufacturing process where SFF will only be the
first stage of the tooling, such as making wax positives for investment casting, the material
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the SFF uses won't be the material of the final part. But for adifferent SFF process that can
make parts directly out of metal, the SFF will use metal instead of wax to produce what will
ultimately bethe same part. (We should probably limit ourselves to specifying the properties
and materials of the primary part emerging directly from the SFF process.

A key issueisthat of auxiliary support structures that are not part of the final geometry
but are required for a specific manufacturing process. For example, wax patterns for invest-
ment casting need to be attached to the sprue, gates, and runners in order to distribute the
molten metal, while wax patterns that are to serve as conceptual models would not need
this additional geometry defined. Similarly, a part produced by stereolithography (SLA)
will need support structures for cantilevered portions of the model, whereas these would be
unnecessary if the part were produced by selective laser sintering (SLS). Generating such
“supporting” geometrical featuresis not yet fully automated. While the designer may have
to think about the role that these supports play in her part design and how the supports will
get removed and how the break-off ridges may get smoothed, the actual placement of the
support geometry is normally done by the experts at the fabrication service, since they are
much more knowledgeable about the needs for supports in their particular process than the
designer.

Another issue that may get addressed quite differently at the SIF level and inthe L-SIF
descriptions concerns the way one may specify embedded components. At the SIF levd,
the designer may simply specify the location of the component and it could then beinferred
that the embedding material has a corresponding cavity at that location; alternatively, asuit-
able cavity could be specified explicitly with a boolean difference operation. At the L-SIF
level, the cross section of such a cavity may appear explicitly on each layer; dternatively,
an explicit pause statement at the layer touching the minimum-location of the part to be em-
bedded could be generated by the dlicer program that creates the L-SIF description from the
higher level SIF part description. The STL format currently has no explicit way to handle
such embeddings, making it necessary for the designer to convey her intent to the fabrication
house separately. The SLA machine operator then adds a“ pause”’ statement to the control
code at the layer where the embedded component will be placed, and then manually inserts
the desired component.

What should be the form of a design exchange format? Can the format support
alternative SFF processes? Is there a common set of information required by
all SFF processes?

Ideally, the exchange format should be at as high alevel as possible and should be pro-
cess and machine independent; thisis the level of SIF which specifies “what” shape is de-
sired, but ignores “how” this is accomplished. However, this approach is appropriate only
if the worst case process inaccuracies are smaller than the finest feature that the designer is
concerned about.

Asthe design specifications get closer to the limitations of the technology, the idiosyn-
crasies of the fabrication process will have to be taken into account. Today, most SFF pro-
cesses have quite different capabilities, and most are not even isotropic, so that the part ori-
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entation during the fabrication process becomes a crucial issue. A particular SFF process
will thus have to be targeted and parameters such as part orientation, layer thickness, and
auxiliary process steps such as curing or shot peening may have to be specified explicitly.
Under those circumstances, it may be more appropriate to send a part specification to the
fab-house in the form of a process plan at the L-SIF level.

Suitable CAD tools must be developed to assist in this conversion process. The key is
that each process and the corresponding conversion must try to approximate the desired ge-
ometry as closely as possible within the technological limitations.

Internally to the fab house, this L-SIF description may then be converted further into a
sequence of instructions to drive a particular machine — again trying to realize the specified
2.5D geometry as closely as possible. This latter step should definitely be hidden from the
client.

4.2 Design Rulesand Tools

What type of design rules can be defined that when applied to the representation
will guarantee successful fabrication in a series of S-F fabrication processes?

At the SIF level, we may employ generic teststo check that the representation describes
closed solid objects (as dready exist for . STL files. An other test would be looking for
intersections of solids having incompatible volume property specifications, e.g., different
materials.

AttheL-SIF level, at thelatest, different design rules must be applied for each different
classof SFF process— otherwise fabrication will belimited to theleast common denominator
of process capahilities. Rules could include the minimum separation of surfaces that will be
guaranteed not to fuse (e.g., to make atight bearing), and the minimum wall thickness for
a given geometry that will not punch through or collapse (e.g., to make awine glass); this
minimum thickness may be different for different orientations.

For SLA in particular, design rule checkers should test whether all parts of an object are
anchored to the build platform during all stages of the build process, and whether features
have adequate supports. Any process subject to curl could have rule checkersto test whether
the curl distortion of the part is predicted to lie within acceptable limits.

What should be the nature of design tools to support SFF? VLS research pro-
duced design capture, design rule checking, mapping of logical constructs into
physical transistors, physical placement of transistors, and wire routing. Are
there analogous tools for SFF including design capture, design critics to iden-
tify non-manufacturable features, and fabrication process planning?

Clearly we want as much automated generation and compilation as possible to speed
up the overall prototyping process and enhance itsreliability. We also need extraction tools
and certain verification tools at all levels. Like the design rules themselves, some design
toolswill be process specific. Processplannersin particular have very different requirements
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for the different SFF technologies, and very different process planners are shipped with the
various commercia SFF systems.

Another question that needsto be addressed isat what point in the process should the ori-
entation for the final build be chosen? Different SFF processes may have different properties
along different axes of manufacturing. Definitely the axis perpendicular to any layering is
special, but even the remaining two axes may have different propertiesin some manufactur-
ing processes. Designers may or may not know about these differences. If they do not know,
they will have to design for aworst case orientation making the weakest assumptions for all
directions. If they are very knowledgeable about the process to be used and its performance
characteristics in different directions, then they will want to specify the exact orientation in
which the designed geometry should be built in the process framework. A useful area of
research might be the development of process specific tools that attempt to find the “best”
orientation for a part, if the designer doesn’'t know. For processes that can build multiple
parts in a single build cycle, the “best” orientation may also depend on the spaces left by
the other parts being built in the same build cycle. Whether specified by the designer or de-
rived automatically, design rules, ssimulation, and process planning will al need to know the
orientation.

5. Conclusions

In the domain of VLSI CAD tools, the vision has aways been “top-down” with afocus on
the “holy grail” of afully automatic “silicon compiler”. However, the suite of tools that has
actually made adifference and that has revol utionized the world has been built “ bottom-up,”
with afirst focus on simple plotting, circuit extraction, and layout-rule checking tools.

Thiswas followed by synthesis tools that could automatically generate some lower de-
scription from the next higher one, and several of which could eventually be cascaded in a
sequence of compilation steps.

Thefinal round then wastoinclude optimization in thiscompilation step; it wasno longer
good enough to just produce an acceptable solution — one wanted to obtain the “best” pos-
sible solution at the lowest possible “price”.

We are convinced that this same evolution paradigm will also apply in the domain of
SFF fabrication.
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4.14 Position Paper

John Tanner
Tanner Research, Inc.
180 North Vinedo Avenue
Pasadena, CA 91107
John. Tanner @ anner. com

Tanner Research aimsto deliver tools and libraries to the el ectronics designer’s desktop
(network)—tools that are easy to use, and are available on the most popular platforms at af-
fordable prices. Our goal isto provide MEM S designers with a powerful, highly integrated,
state-of -the-art design tool suite by leveraging off of our existing VLS| CAD tools.

Our roots are in the Mead-Conway methodology for the design of VLSI. We have de-
veloped asuite of commercia |C design tools that are currently used by avariety of MEMS
designers. Our IC and Multi-Chip Module (MCM) tools of interest to MEM S designersin-
clude:

e Hierarchica all-angle layer-based polygon editor

e Design rule checker (current version orthogonal—soon 45s)
e Device and circuit extractor (current version orthogonal—soon 45s)
e |nterconnect only extractor (soon)

e Layout vs. Schematic circuit comparison

e Technology files and libraries for MOSIS/NIST processes

e Cross-section viewer

e Spice circuit simulator

e Schematic editor

e 3D finite-element based thermal analysis tool

e 2D boundary-element EM analysis tool

Under government funding, we are nearing completion of the following enhancements
to our tools to better support MEMS:

e Arc and torus drawing primitives for the layout editor
e All-angle rotation of instances in the layout editor
e Variable etch angles within the cross-section viewer

e Technology files and libraries for the MUMPS process
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e 3D boundary element EM anaysis

Under government funding, we are beginning an investigation of the following features
for MEMS:

Use of interpreted C language for user-coded MEMS layout synthesis

Use of interpreted C language for user-coded Spice electro-mechanical models

Simplified automatic conversion of 2-D layout to 3-D representation

3D rendering

Incorporating mechanical models into schematics and circuit simulation
In addition, we believe the following tools are needed:
e All-angle design rule checking and extraction

e Linked finite-element simulation of electric, mechanical, magnetic, thermal, and, for
some applications, fluid properties

e Highlevel model development (analytical, circuit level)

e Automatic model parameter extraction

e Advanced 2D to 3D conversion for MEM S-specific process steps

e Mechanical simulation with collision detection for hinged structures

e Design manager for organizing multi-disciplinary, multi-level design and model rep-
resentations

e Lots of domain-specific model libraries from experts

We see similarities and differences between MEM S and VL S| designs. They both ben-
efit from full hierarchical layout design and a mixture of hand-crafted cells and algorithmic
code-based synthesis. MEM Sneeds aricher set of layout capabilitiesincluding arcs asdraw-
ing primitives, al-angle rotations, and all-angle DRC and extraction.

As others have noted, MEMS allows the design of amuch richer set of devices than in
the IC world where there arejust afew kinds of transistors. Thus the tools for the extraction
of netlists from geometry, tools that for VLSI can discover devices as well as interconnect,
will be limited for MEM S designs to discovering the interconnect between predefined hier-
archical cells. However, as MEMS designers move from a test/prototype environment to a
production environment, tools such as our block extractor become important for back end
validation.

Aswith VLSI, smulations of MEMS devices of significant size cannot be done at the
finest detail within the limits of computing memory and simulation time available on the
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desktop (network). Simplifying abstractions must be made to reduce the simulation load
while still maintaining the behavior of interest. In VLSI, levels of abstraction range from
finite- element (TCAD) through circuit-level, gate-level, and behavioral (HDLSs). For MEMS,
levels of abstraction range from finite-element through circuit level (with mechanical behav-
ior) to behavioral level.

In both disciplines, the simplifications come from abstracting away somesignificant level
of detail. The designer is best at determining the essential desired behavior and thus higher
levels of abstraction are almost always defined by the domain expert. Computationally in-
tensive tools could be used to perform analysis and simulations, under the experimental con-
trol of the modeler, to verify that amore abstract model simulation matches close enough to
the more detailed one.

We alow researchers and designers to extend our tools by writing their own C-language
routines that link into our tools or are interpreted by our tools. This mechanism allows re-
searchers to leverage our efforts to provide robust multi-platform base functionality while
adding their own innovations with minimal overhead. This method of collaboration only
works if we provide the right set of extension hooks into our tools.

Perhaps it is our VLS| bias, but we foresee alarge and very interesting set of MEMS
chips that will contain asmall humber of mechanical elements integrated closely with elec-
tronics. In this scenario, it iscritical that the new MEMS aspects of design be incorporated
into the existing, well-proven IC design tools and procedures. This view drives our devel-
opment to add new MEM S capability to our integrated tool set.

At the upcoming NSF workshop, we hope to gauge the importance of the list of tools
that we have identified above that are lacking, learn about other tool needs, and identify the
areas that our tools need hooks for user extensions.
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4.15 Coupled-Domain and Mixed Regime Numerical Techniques for Micro-
electromechanical Simulations

J. K. Whiteand N. R. Aluru
Department of Electrical Engineering and Computer Science
Massachusetts I nstitute of Technology
Cambridge, MA 02139
white@rt!|.nmt. edu
aluru@l e-vlsi.mt.edu

Designers of VLSI integrated circuits use hierarchical or mixed level simulation that al-
low them to focus on the details of one section of a design, while still efficiently simulating
the entire circuit. Such tools alow areatively free mixture of behavioral, register-transfer
level, logical, and circuit-level descriptions of agiven design. For designers of MEMS, the
need for the equivalent of mixed-level simulation iseven more pressing than it wasfor VLS
designers, because simulating even a single device's performance usually requires a multi-
level approach. For example, while using the MIT MEMCAD system to analyze the Ana
log Devices comb-drive based accel erometer, we used an ad-hoc approach to mixed-level
simulation. The electrostatic force-displacement relation for each of the comb fingers was
macro-modeled by table, and then this macro-model was combined with a 3-D mechanical
model of the polysilicon proof-mass plug spring system.

The development of mixed-level MEM S simulation tools can not directly follow the hi-
erarchical simulation approach used for VLS|, because the VLS| mixed-level paradigm is
too narrow to address the needs of MEM S designers. In VLS, the mixed-level approach is
based on asingle low-level description — circuits —and asingle hierarchy of macro-models.
Thereisnosingle low-level descriptionin MEMS: designsinvolve amixture of forcesdueto
electrostatic fields, fluids, mechanical elasticity, etc. Thislack of asinglelow-level descrip-
tion has two important ramifications: there is no organized approach either to generating or
to coupling together different levels of MEM S representation.

MEM S requires a mixed-level approach, where both different physical systems and dif-
ferent levels of models can be coupled together in an organized fashion. In order to take
an important step towards solving the mixed-level simulation problem, it isnecessary to de-
velop asoftware simulation system which will not only allow coupling between fluids, elec-
trostatics, and mechanics, but will also alow amixture of different physical regimesfor the
different energy domains. Once such mixed-regime approaches are devel oped, coupling to
existing commercial circuit simulation toolslike SPECTRE(Cadence) or SABER(Analogy),
can provide full mixed-level simulation capabilities. In the rest of the paper we summarize
our present efforts in developing algorithms for coupled-domain and mixed-regime simula-
tion.

One approach to coupled-domain simulation isto use very general finite-element analy-
sis approach. In such approaches, the unknowns in the various physical domains are repre-
sented by asum of basis functions whose coefficients are determined by aGalerkin condition
applied to the appropriate physical equations. The main short-coming of the finite-element
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approach is that it does not allow for individual selection of the most efficient simulation
algorithms in each of the physical domains. For example, consider coupled el ectromechan-
ics. Theexterior field problem ismost efficiently solved with accelerated boundary-element
methods, but mechanical elastostaticsismost efficiently treated using standard finite-element
methods. Using finite-elements for both computations would be extremely expensive.

Anacther common approach to coupled-domain simulation istherelaxation schemewhere
thedomains are solved separately and the solution isadvanced iteratively until aself-consistent
solutionisfound. The advantage of thisiterative techniqueisthat it allows the most efficient
simulation agorithms to be used in each of the physical domains, and in addition, simula-
tors can be coupled without being rewritten. The problem with the relaxation agorithm is
that for avariety of applications, such as high-field el ectromechanics, the relaxation failsto
converge.

Anacther approach that has been studied for coupled problems is the surface- Newton
method. The key ideain this approach is to reduce the dimensionality of the coupled prob-
lem from 3-D to 2-D, where only the surface variables are involved in the coupled equa-
tions, and to apply a Newton method. For example, in coupled e ectromechanics, once the
displacement of the structure surface is known, both the surface electrostatic force and the
structure'sinterior displacements can be determined by decoupled electrostatic and mechan-
ical analysis. Surface-Newton approach not only preserves the easy extensibility of the re-
laxation scheme but also eliminates the convergence problems encountered with the relax-
ation scheme. The tangent in the surface-Newton method is evaluated through the use of
matrix-free conjugate-direction agorithm. Unfortunately, most simulation packages are not
designed to alow for efficient computation of matrix-vector products asrequired in surface-
Newton methods.

Our main point then, isthat perhapsindividua simulation packages should beredesigned,
so that matrix-vector product computation is efficient, as this will alow for a ”plug-and-
play” approach to coupled-domain smulation. Then, much more rapid progress could be
made on coupled fluid-mechanics-€l ectrostati cs-magnetics-circuits problems.






